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I. INTRODUCTION
 
Our laboratory has shown in two independent retrospective studies that loss of telomere content 
(TC), a surrogate for telomere length, has potential value in predicting clinical outcome in breast 
cancer.  While TC appears to provide a sensitive predictor of disease-free survival in women 
with breast cancer, an alternative marker for TC, which could be assessed in samples with small 
numbers of cells, such as fine needle aspirates, with commonly used methods, such as PCR, is 
desirable.  The aim of this study is to demonstrate that measurement of allelic imbalance (AI), 
which could be easily adapted to the clinical laboratory setting, can serve as a surrogate for TC, 
discriminating between women in need of more aggressive treatment and those for whom 
aggressive protocols are unnecessary. In addition to evaluating a potential biomarker of breast 
cancer progression, the proposed investigation will provide the candidate opportunities to 
interact with pathologists and oncologists to learn normal and abnormal breast morphology, the 
strengths and limitations of currently used breast cancer biomarkers, current standards of breast 
cancer treatment and the scientific rationale for ongoing clinical trials.  To date, all tasks, as 
outlined in the Statement of Work, are on schedule.   
 
Hypothesis and Rationale 
Our preliminary results suggest that the extent of AI may have prognostic value in breast cancer.  
Consistent with this notion, Kronenwett and colleagues have shown that the degree of genomic 
instability allows additional classifying of the known aneuploid, diploid, and tetraploid 
categories of primary breast adenocarcinomas into low and high malignant subtypes. Therefore, 
we hypothesize that measuring the extent of AI at diverse microsatellite loci provides a global 
assessment of overall genomic instability in a tumor and its surrounding microenvironment and 
has value in predicting breast cancer progression. To test this hypothesis we will assess the 
potential prognostic value of AI in human breast tumor samples.  Additionally, we propose to 
study AI in coexisting histologically normal (CHN) breast tissue and in stromal and epithelial 
cell populations. This hypothesis will be evaluated through three specific aims. 
 

• Specific Aim #1:  To assess the potential use of allelic imbalance in predicting disease-
free survival by conducting a retrospective study on node negative breast tumors. 

 
• Specific Aim #2:  To assess the extent of allelic imbalance as a function of distance from 

tumor margins in breast tumors and co-existing histologically normal breast tissue, to 
determine if stromal and epithelial cells display different patterns of allelic imbalance, 
and to identify molecular signatures associated with the extent of allelic imbalance in 
stromal and epithelial cells. 

 
• Specific Aim #3:  To compare the extent of allelic imbalance to pathological grading in 

invasive breast tumors by conducting a prospective study on breast tumors. 
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II. KEY ACCOMPLISHMENTS 
 
     IIa. RESEARCH ACCOMPLISHMENTS 
 
 During the first two years of this training grant, I have accomplished the following: 

 
• Unbalanced allelic loci and altered telomere length are present in both tumors and 
surrounding CHN breast tissues at distances at least one centimeter from the visible 
tumor margins and decrease as a function of distance. Additionally, unbalanced loci are 
conserved between the surrounding breast tissues and the tumors, implying cellular clonal 
evolution (Appendix A). 

 
• Determined that TC in a cohort of breast cancer tissues (N=77) predicts breast cancer-
free survival interval independent of age at diagnosis and TNM stage, and may 
discriminate by stage (Appendix B).  This finding was confirmed in a larger, population-
based study (N=530), where TC predicted overall survival interval.  Additionally, TC 
predicted breast cancer-free survival interval in this group independent of TNM stage, 
p53 status and ER status (Appendix C). 

 
• Measured AI in normal and tumor specimens from varying organs and determined 
that the AI method, developed by the candidate, is able to discriminate between normal 
and tumor specimens with 67% sensitivity and 99% specificity (Appendix D). 

 
• Validated findings in the breast by performing a study in the prostate, another 
hormone-dependent organ. In a retrospective analysis, TC measured in prostate biopsy 
tissue (N=103) predicts early likelihood of post-prostatectomy PSA recurrence 
independent of pre-operative PSA level and biopsy Gleason sum, particularly in men 
with Gleason sum ≤7 disease (Appendix E). 
 
• Identified transcripts by microarray technology that were significantly over 
expressed, relative to normal breast tissue, in patient-matched, tumor-adjacent, 
histologically normal (TAHN) tissues obtained from sites 1 cm (N=6) and 5 cm (N=6) 
from the visible tumor margin (TAHN-1 and TAHN-5 tissues, respectively) and 
confirmed expression in a set of reduction mammoplasty (RM) breast tissues (N=5). We 
also demonstrated that a subset of these genes is selectively over expressed in TAHN-1 
tissues, including collagens alpha 1(I), 1(III) and 2 (I). This is particularly provocative, as 
increased collagen synthesis is indicative of reactive stroma, which may act as a 
supportive agent in tumorigenesis. The existence of a subset of genes selectively over 
expressed in TAHN-1 tissues suggests that there is a gradient of selective, differential 
gene expression extending out from the tumor margin (Appendix F). 
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     IIb. TRAINING/EDUCATIONAL ACCOMPLISHMENTS
  

Since the activation of this award, the Ph.D. candidate has been provided the opportunity 
to work and interact with oncologists, surgeons, pathologists and other scientists who all 
specialize in breast cancer.  The candidate has attended journal clubs, specialized 
departmental and Cancer Center seminars and has been an active participant in the Breast 
Cancer Working Group.  The candidate’s research is overseen by his dissertation 
committee, a group comprised of three Ph.D. scientists with interests in breast cancer, 
and one M.D. who specializes in breast cancer pathology. 
 
On the educational level, the candidate has helped instruct three upper-level Biochemistry 
courses: (1) Biochemical Methods Laboratory (2) Intensive Biochemistry I (3) Intensive 
Biochemistry II: Intermediary Metabolism.  Additionally, the candidate is currently a 
teaching assistant for a graduate level cancer biology course. The candidate plans on 
continuing his breast cancer research in an academic setting, thus these teaching 
experiences will provide him with the necessary teaching skills to further his career. 

 
 
    IIc. PERFORMANCE ACCOMPLISHMENTS 
 
     Experimental Milestones 
     Specific Aim 1 (4 tasks) 

Task 1  Month 1-12  Completed 
o Identify and procure archival specimens from the New Mexico Tumor Registry 

(NMTR) at the University of New Mexico School of Medicine based on patient 
recurrence status. 

- In year one, 184 node negative breast tumors were procured from NMTR.  
- In year two, an additional set of 312 node negative breast tumors were obtained. 

 
Task 2  Months 12-14  Completed 

o Isolate DNA from the paraffin-embedded breast tumors. 
- In year one, DNA was isolated from all 184 collected specimens.   
- In year two, DNA was isolated from the additional set of 312 cases. 

 
Task 3  Months 14-24  Completed 

o Measure AI in the paraffin-embedded breast tumors. 
- In year one, AI was successfully determined in 172 of the 184 collected samples. 
- In year two, AI was successfully determined in 280 of the 312 additionally 

collected specimens. 
 
Task 4  Months 24-30  In Progress 

o Analyze the correlation between the AI and patient recurrence status. 
- In year two, the analysis of the correlation between the extent of AI and patient 

recurrence status was initiated.  However, due to a limited number of recurrent 
cases, 30 additional cases with a documented breast cancer recurrence are needed 
for determination of significant results. 
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Specific Aim 2 (7 tasks) 
Task 1  Months 1-30  In Progress 

o Prospectively, collect mastectomies and CHN breast tissues (1cm and 5cm from 
visible tumor margins).  

- In year one, 17 cases (tumor, 1cm, 5cm tissues) were collected.   
- In year two, an additional 11 cases were prospectively collected. 
 

Task 2  Months 6-32  In Progress 
o Assess the pathological stage and grade by immunohistochemical techniques of 

the collected tissue samples with the assistance of Dr. Nancy Joste, Chief of 
Surgical Pathology. 

- In year one, the pathological stage and grade were assessed on 12 of the initial 17 
cases. 

- In year two, the pathological stage and grade were assessed on the other 5 cases 
collected in year one and on 7 of the 11 cases collected in year two. 

 
Task 3  Months 6-32  In Progress 

o Isolate genomic DNA from tumor and CHN tissue specimens and determine 
extent of AI as a function of distance from tumor margin. 

- In year one, isolation of genomic DNA and determination of the extent of AI was 
determined in 12 of the 17 collected cases (Appendix A). 

- In year two, isolation of genomic DNA and determination of the extent of AI was 
determined in the remaining 5 cases collected in year one and in 5 of the 11 cases 
collected in year two. 

 
Task 4  Months 6-32  In Progress 

o Isolate stromal and epithelial cell populations from selected CHN tissue 
specimens by LCM. 

- The candidate has completed training for use of the LCM machine.  
 
Task 5  Months 6-32  In Progress 

o Extract RNA from isolated cell populations. 
- In year two, RNA was extracted from “bulk” (i.e. no isolation of specific cellular 

populations) tissues. 
 
Task 6  Months 9-32  In Progress 

o Measure extent of AI in epithelial and stromal cell populations. 
- In year two, the extent of AI was determined in the “bulk” tissues.   

 
Task 7  Months 12-32  In Progress 

o Perform expression analysis using stromal and epithelial cell RNA from CHN 
tissues by microarray hybridization.  Determine molecular signatures as a 
function of distance from the visible tumor margins using cluster analysis. 

- In year two, due to limitations in RNA isolation from normal breast tissues, 
microarray hybridization experiments where performed on “bulk” breast tissues 
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1cm from tumor margin (N=6), breast tissues 5cm from tumor margin (N=6), and 
breast tissues obtained from reduction mammoplasty (N=5), and compared to 10 
pooled RNAs from normal breast tissues. We identified 90 transcripts that were 
consistently over expressed by at least 2 standard deviations from the mean 
relative to the normal control in at least 5 of the 6 TAHN-1 tissues. Twenty two of 
these transcripts represented known genes, all but one was over expressed in all 6 
TAHN-1 tissues, and 11 of the 22 have a documented involvement in breast 
cancer progression (Appendix F). We are currently validating these results with 
QRT-PCR and immunohistochemistry (IHC).  The IHC experiments will show 
which cellular populations (epithelial or stromal) are over expressing the protein 
of interest. 

       
Specific Aim 3 (5 tasks) 
Task 1  Months 1-12  In Progress 

o Procure fresh mastectomy specimens from the University of New Mexico Cancer 
Research and Treatment Center (UNM-CRTC).  These may be same samples 
collected in aim 2. 

- In year one, 17 cases (tumor, 1cm, 5cm tissues) were collected.   
- In year two, an additional 11 cases were prospectively collected. 
- In year two, due to limitations in the number of prospectively collected 

specimens, a cohort of retrospectively collected breast specimens, consisting of 52 
reduction mammoplasty samples, 76 histologically normal tumor adjacent tissues, 
34 benign breast disease cases, and 779 breast tumors (Stage 0-IV) was collected.  

 
Task 2  Months 6-18  In Progress 

o Assess the pathological stage and grade by immunohistochemical techniques of 
the collected tissue samples with the assistance of Dr. Nancy Joste, Chief of 
Surgical Pathology. 

- In year one, the pathological stage and grade were assessed on 12 of the initial 17 
cases. 

- In year two, the pathological stage and grade were assessed on the other 5 cases 
collected in year one and on 7 of the 11 cases collected in year two. 

 
Task 3  Months 6-18  In Progress 

o Isolate DNA from breast tumors and measure AI. 
- In year one, isolation of genomic DNA and determination of the extent of AI was 

determined in 12 of the 17 collected cases (Appendix A). 
- In year two, isolation of genomic DNA and determination of the extent of AI was 

determined in the remaining 5 cases collected in year one and in 5 of the 11 cases 
collected in year two. 

- In year two, AI was determined in the retrospectively collected cohort of breast 
specimens, consisting of 52 reduction mammoplasty samples, 76 histologically 
normal tumor adjacent tissues, 34 benign breast disease cases, and 779 breast 
tumors (Stage 0-IV). 

 
Task 4  Months 24-30  In Progress 

 8



o Analyze the correlation between the AI and pathological stage. 
- In year two, the correlation between AI and pathological stage was assessed.  The 

extent of AI was statistically different between normal, disease-free tissue and 
cancerous tissue and therefore may be used in a diagnostic setting.  However, AI 
failed to discriminate between different stages of breast tumors (Appendix G). 

 
Task 5  Months 18-36  In Progress 

o Prepare and submit manuscripts. 
- Five manuscripts have been published (Appendices A, B, D, H, J) and two 

additional manuscripts have been submitted and are currently under review 
(Appendices C, E). 

 
Education and Training Milestones (6 tasks) 
Task 1  Months 1-6  Completed 

o Learn to recognize morphology and features of different types of breast cancer 
under the guidance of Dr. Nancy Joste, Chief of Surgical Pathology. 

 
Task 2  Months 6-12  Completed 

o Learn staining procedures and significance of histological markers commonly 
used in breast cancer under the guidance of Dr. Nancy Joste, Chief of Surgical 
Pathology. 

 
Task 3  Months 1-24  In Progress 

o Interact with oncologists (Dr. Aroop Mangalik) in the University of New Mexico 
Hospital to gain perspective on breast cancer research. 

 
Task 4  Months 1-36  In Progress 

o Attend tumor board meetings and monthly Cancer Research and Treatment Center 
meetings to gain understanding of current treatments for breast cancer and 
ongoing clinical trials.  

- Due to HIPAA regulations, the candidate is no longer allowed to attend tumor 
board meetings.  However, the candidate is still attending specialized 
departmental and Cancer Center seminars and is an active participant in the Breast 
Cancer Working Group through the Cancer Center. 

 
Task 5  Months 12-18  Not Initiated 

o Attend the University of New Mexico School of Medicine Undergraduate 
Medical Education Curriculum Neoplasia block. 

- The candidate planned to attend the Neoplasia block during year two; however, 
due to a scheduling conflict the candidate was unable to attend and plans to attend 
this upcoming academic year. 

 
Task 6  Months 12-36  In Progress 

o Present ongoing work at local and national meetings. 
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- In year one, the candidate presented work at three national meetings, two poster 
presentations and an oral presentation, and was a co-author on another poster 
presentation. 

- In year two, the candidate presented a poster at the 1st Biennial National IDeA 
Symposium of Biomedical Research Excellence (NISBRE) (Appendix H).  

 
III. REPORTABLE OUTCOMES 
 
Publications: 
C.M. Heaphy, M.Bisoffi, C.A. Fordyce, C.M. Haaland, W.C. Hines, N.E. Joste and J.K. 
Griffith. Telomere DNA content and allelic imbalance demonstrate field cancerization in 
histologically normal tissue adjacent to breast tumors. International Journal of Cancer, 119:108-
116, 2006. (Appendix A) 
 
B.J. Candia, W.C. Hines, C.M. Heaphy, J.K. Griffith and R.A. Orlando.  Protease Nexin-1 
expression is altered in human breast cancer.  Cancer Cell International, 6:16, 2006. (Appendix I) 
 
C.A. Fordyce,* C.M. Heaphy*, M. Bisoffi, J.L. Wyaco, N.E. Joste, A. Mangalik, K. 
Baumgartner, R. Baumgartner, W.C. Hunt and J.K. Griffith. Telomere Content Correlates with 
Stage and Prognosis in Breast Cancer. Breast Cancer Research and Treatment, 99:193-202, 2006. 
*Authors contributed equally to this study (Appendix B) 
 
M. Bisoffi, C.M. Heaphy and J.K. Griffith.  Telomeres: Prognostic markers in solid tumors.  
International Journal of Cancer, 119:2255-2260, 2006. (Appendix G) 
 
C.M. Heaphy, W.C. Hines, K.S. Butler, C.M. Haaland, G. Heywood, E.G. Fischer, M. Bisoffi 
and J.K. Griffith. Measurement of Genome-wide Allelic Imbalance in Human Tissue Using a 
Multiplex PCR System. Journal of Molecular Diagnostics, 9:266-271, 2007. (Appendix D) 
 
Manuscripts (submitted): 
C.M. Heaphy, K.B. Baumgartner, M. Bisoffi, R.N. Baumgartner and J.K. Griffith. Telomere 
DNA Content Predicts Breast Cancer-free Survival Intervals. Clinical Cancer Resarch, 2007. 
(Appendix C) 
 
E.G. Treat*, C.M. Heaphy*,  L.W. Massie, M. Bisoffi, A.Y. Smith, M.S. Davis and J.K. 
Griffith. Telomere DNA Content in Prostate Biopsies Predicts Early Rise In Prostate Specific 
Antigen Following Radical Prostatectomy for Prostate Cancer. Journal of Urology, 2007. 
*Authors contributed equally to this study (Appendix E) 
 
Published Abstracts: 
C.M. Heaphy, C.A. Fordyce, M. Bisoffi, J.L. Wyaco, N.E. Joste, A. Mangalik, K. Baumgartner, 
R. Baumgartner, W.C. Hunt and J.K. Griffith (2006) Telomere content correlates with stage and 
prognosis in invasive breast cancer. 1st Biennial National IDeA Symposium of Biomedical 
Research Excellence (NISBRE). Washington, D.C. (Appendix I) 
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IV. CONCLUSIONS 
 
To date, all tasks; as outlined in the Statement of Work are on schedule.  The tasks outlined in 
Specific Aim #1 have been completed (#1-3) or are proceeding on schedule (#4).  To date, a total 
of 496 node negative breast tumors have been obtained, of which 452 have been successfully 
analyzed for the extent of allelic imbalance (AI).  However, we are still trying to procure 30 
additional specimens from patients with node negative breast cancer that have progressed to 
recurrent disease.  The tasks outlined in Specific Aim #2 and Specific Aim #3 have been initiated 
and are proceeding on schedule.  Since the initiation of this training grant two years ago, five 
manuscripts have been published and two additional manuscripts have been submitted and are 
currently under review. The Ph.D. candidate is progressing with all of his educational goals and 
will attend the Neoplasia block at the University of New Mexico School of Medicine this 
upcoming academic year. 
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Telomere DNA content and allelic imbalance demonstrate field cancerization in

histologically normal tissue adjacent to breast tumors

Christopher M. Heaphy1, Marco Bisoffi1,2, Colleen A. Fordyce1, Christina M. Haaland1,
William C. Hines1, Nancy E. Joste2,3 and Jeffrey K. Griffith1,2*

1Department of Biochemistry and Molecular Biology, University of New Mexico School of Medicine, Albuquerque, NM, USA
2Cancer Research and Treatment Center, University of New Mexico School of Medicine, Albuquerque, NM, USA
3Department of Pathology, University of New Mexico School of Medicine, Albuquerque, NM, USA

Cancer arises from an accumulation of mutations that promote
the selection of cells with progressively malignant phenotypes.
Previous studies have shown that genomic instability, a hallmark
of cancer cells, is a driving force in this process. In the present
study, two markers of genomic instability, telomere DNA content
and allelic imbalance, were examined in two independent cohorts
of mammary carcinomas. Altered telomeres and unbalanced
allelic loci were present in both tumors and surrounding histologi-
cally normal tissues at distances at least 1 cm from the visible tu-
mor margins. Although the extent of these genetic changes
decreases as a function of the distance from the visible tumor mar-
gin, unbalanced loci are conserved between the surrounding tis-
sues and the tumors, implying cellular clonal evolution. Our
results are in agreement with the concepts of ‘‘field canceriza-
tion’’ and ‘‘cancer field effect,’’ concepts that were previously
introduced to describe areas within tissues consisting of histologi-
cally normal, yet genetically aberrant, cells that represent fertile
grounds for tumorigenesis. The finding that genomic instability
occurs in fields of histologically normal tissues surrounding the tu-
mor is of clinical importance, as it has implications for the defini-
tion of appropriate tumor margins and the assessment of recur-
rence risk factors in the context of breast-sparing surgery.
' 2006 Wiley-Liss, Inc.

Key words: telomere loss; allelic imbalance; genomic instability;
cancer field effect; breast cancer

Genomic instability is an important factor in the progression of
human cancers.1–4 One mechanism that underlies genomic instability
is loss of telomere function.5–7 Telomeres are nucleoprotein complexes
located at the ends of eukaryotic chromosomes. Telomeres in human
somatic cells are composed of 1,000 to 2,000 tandemly repeated copies
of the hexanucleotide DNA sequence, TTAGGG.8 Numerous telomere
binding proteins are associated with these repeat regions and are impor-
tant for telomere maintenance.9,10 Telomeres stabilize chromosome
ends and prevent them from being recognized by the cell as DNA dou-
ble-strand breaks, thereby preventing degradation and recombination.11

However, telomeres can be critically shortened, and thereby become
dysfunctional, by several mechanisms, including incomplete replica-
tion of the lagging strand during DNA synthesis,12 loss or alterations of
telomere-binding proteins involved in telomere maintenance,13 and
oxidative stress leading to DNA damage.14 Alternatively, telomere loss
may be compensated for by recombination15,16 or, as seen in the major-
ity of human cancers, by the enzyme telomerase.17,18

Telomeres in tumors are frequently shorter than in the matched
adjacent normal tissues, presumably reflecting their extensive repli-
cative histories.19–21 The cause-and-effect relation between dysfunc-
tional telomeres and genomic instability implies that shortened telo-
meres are also associated with altered gene expression. The latter is
a primary source of phenotypic variability, which in turn drives the
development of cell clones displaying progressively malignant traits,
such as the potential for invasion and metastasis.22 In agreement with
this sequence of events, we and others have shown that telomere
length, or its surrogate, telomere DNA content (TC), predicts the
course of disease in several different malignancies, including leuke-
mias,23 non-small cell lung cancers,24 neuroblastomas,25 prostatic
adenocarcinomas,26–28 and breast carcinomas.29,30

Recently, Meeker and colleagues observed that telomere length
abnormalities are early and frequent events in the malignant trans-

formation of several types of cancer, including breast.27,31,32 In
addition, telomere attrition and other measures of genomic insta-
bility, such as allelic imbalance (AI) and loss of heterozygosity,
demonstrate that genomic instability occurs within atypical breast
hyperplasias,33–35 histologically normal tissue proximal to breast
tumors,36–42 and, in some instances, breast tissue from women
with benign breast disease.43 Loss of heterozygosity and AI have
also been found in the stromal compartment of cancer-associated
breast tissues.41,44 In addition, our own recent results identified
fields of telomerase-positive cells within histologically normal tis-
sues adjacent to breast tumors that could represent areas of prema-
lignant cell populations.45 Similarly, we have recently reported on
the occurrence of telomere attrition in histologically normal pros-
tatic tissue proximal to prostate adenocarcinomas.28 These data
imply that there is a reservoir of genetically unstable cell clones
within histologically normal breast and prostate tissues that may
represent fertile ground for tumor development. The origin and
extent of this reservoir are presently undefined. However, the exis-
tence of fields of genetically altered cells, appearing histologically
normal and disease-free, is consistent with the hypothesis that
genomic instability arises early in breast tumorigenesis.

The primary goal of the present study was to define the extent
and spatial distribution of genomic instability in histologically
normal tissues surrounding breast tumors. A secondary goal was
to investigate the relationship between genetic alterations in
tumors and matched tumor-adjacent histologically normal (TA-
HN) tissues. Towards these ends, two independent, yet conceptu-
ally linked markers of genomic instability, TC and AI, were inves-
tigated in two independent cohorts of breast tumors and their
matched TA-HN tissues. One cohort represented a controlled
study with tumors and matched TA-HN tissues excised at sites 1
and 5 cm from the tumor margins. The second cohort consisted of
archival tumor specimens and matched TA-HN tissues excised at
unknown distances from the tumor margin. Our results show that
breast tumors reflect the properties of the matched TA-HN breast
tissues, including the conservation of unbalanced alleles. Further-
more, our results support the hypothesis that fields of histologi-
cally normal, but genetically unstable cells provide a fertile
ground for tumorigenic events in breast tissues.

Materials and methods

Breast tissue samples

Four independent cohorts of human breast tissues were used in
this study. The characteristics of each of these cohorts are sum-
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marized in Table I. The first cohort consisted of 12 full mastec-
tomy cases obtained consecutively from the University of New
Mexico (UNM) Hospital Surgical Pathology Laboratory in 2003
and 2004. Approximately 500 mg of tissue was excised from the
tumors and sites 1 and 5 cm from the visible tumor margins. After
resection, the tissues were immediately frozen in liquid nitrogen.
Sections (10–12 lm) were prepared and stained with hematoxylin
and eosin by the Human Tissue Repository Service of the UNM
Department of Pathology. The sections were examined micro-
scopically to define their histological status. In addition, serial sec-
tions of the breast tumors were collected and stored at270�C until
used for isolation of genomic DNA.

The second cohort was provided by the New Mexico Tumor
Registry (NMTR) and consisted of 38 archival, paraffin-embedded
ductal or lobular carcinomas and matched, histologically normal
breast tissues from women who had undergone radical mastecto-
mies or lumpectomies between 1982 and 1993. The histologically
normal breast tissues originated from different blocks than the tu-
mor tissues and were obtained at the time of dissection from sites
outside the visible tumor margins. Generally, the sections were
selected to contain high epithelial cell fractions.

The third cohort was obtained from the University of New Mex-
ico Solid Tumor Facility and consisted of 48 frozen archival inva-
sive ductal or lobular carcinomas from women who had radical
mastectomies or lumpectomies between 1982 and 1993. Unlike
cohorts 1 and 2, matched, histologically normal breast tissues
were not available for the tumors in cohort 3.

The fourth cohort was obtained from the National Cancer Insti-
tute Cooperative Human Tissue Network (Nashville, TN) and con-
tained 20 normal, disease-free breast tissue samples from women
undergoing reduction mammoplasty (NBRST-RM). In addition,
peripheral blood lymphocytes (PBLs) were obtained from 59
women previously diagnosed with breast cancer. The women
ranged in age from 25 to 74 years, with a mean of 53 years. All tis-
sues used in this study were anonymous, and experiments were
performed in accordance with all federal guidelines as approved
by the University of New Mexico Health Science Center Human
Research Review Committee.

TC assay

Telomere length measurements can be affected by both extrane-
ous factors, such as tissue specimens’ age and means of preserva-
tion and storage, and inherent properties, such as patients’ ages
and health status, and the organ sites from which the tissue speci-
mens were collected. To minimize the confounding effects of ex-
traneous factors, we previously described a slot blot method for
titrating the TC in fresh, frozen or paraffin-embedded tissues up to
20 years old.46,47 TC measured by this method is directly propor-
tional to telomere length measured by Southern blot.47 However,
in contrast to Southern blotting, the TC assay can be performed
with as little as 5 ng of genomic DNA,46 and is insensitive to frag-
mentation of DNA to less than 1 kb in length.47 Thus, there is
excellent agreement between TC measured in paired tissues stored
either frozen, or formalin-fixed in paraffin at room tempera-
ture.28,30 Therefore, TC is a sensitive and convenient proxy for
telomere length, particularly for applications where genomic DNA
is fragmented or scant, such as in sections of archival, paraffin-

embedded tissues comprising the second cohort of breast tumors,
which contains specimens that are over 20 years old.

TC was measured as described previously.46 Briefly, DNA was
isolated from frozen or paraffin-embedded tissues and blood sam-
ples, using Qiagen DNeasy Tissue kits (Qiagen, Valencia, CA)
and the manufacturer’s protocols. DNA was denatured at 56�C in
0.05 M NaOH/1.5 M NaCl, neutralized in 0.5 M Tris/1.5 M NaCl,
and applied and UV cross-linked to Tropilon-Plus blotting mem-
branes (Applied Biosystems, Foster City, CA). A telomere-spe-
cific oligonucleotide, end-labeled with fluorescein, (50-TTAGGG-
30)4-FAM (IDT, Coralville, IA), was hybridized to the genomic
DNA, and the membranes were washed to remove nonhybridizing
oligonucleotides. Hybridized oligonucleotides were detected by
using an alkaline phosphatase-conjugated anti-fluorescein anti-
body that produces light when incubated with the CDP1-Star sub-
strate (Applied Biosystems, Foster City, CA). Blots were exposed
to Hyperfilm1 for 2–10 min (Amersham Pharmacia Biotech,
Buckinghamshire, UK) and digitized by scanning. The intensity of
the telomere hybridization signal was measured from the digitized
images, using Nucleotech Gel Expert Software 4.0 (Nucleotech,
San Mateo, CA). TC is expressed as a percentage of the average
chemiluminescent signal of three replicate tumor DNAs compared
to the same amount of a placental DNA standard (typically 20 ng).
In addition to placental DNA, DNA purified from HeLa cells,
which has approximately 30% of placental TC was frequently
included to confirm the reproducibility of the assay.

AI assay

DNA (approximately 1 ng) was amplified using the AmpFlSTR
Identifiler PCR Amplification Kit (Applied Biosystems, Foster
City, CA), using the manufacturer’s protocol. Each multiplex PCR
reaction amplifies 16 short tandem repeat (STR) microsatellite loci
from independent locations in the genome (Amelogenin, CSF1PO,
D2S1338, D3S1358, D5S818, D7S820, D8S1179, D13S317,
D16S539, D18S51, D19S433, D21S11, FGA, TH01, TPOX and
vWA). Each of the PCR primers is labeled with one of four fluo-
rescent dyes (6-FAM, PET, VIC and NED), each with a unique
emission profile, allowing the simultaneous resolution of 16
amplicons of similar size. PCR products were resolved by capil-
lary gel electrophoresis and detected using an ABI Prism 377
DNA Sequencer (Perkin Elmer, Foster City, CA). The height of
each fluorescence peak in the electropherograms was quantitated
using the ABI Prism GeneScan and Genotype Analysis software
(Applied Biosystems, Foster City, CA) and a ratio of the peak
heights of each pair of heterozygous allelic amplicons was calcu-
lated. By convention, the allele with the greater fluorescence in-
tensity was designated the numerator. Thus, the ratio was always
�1.0, with 1.0 representing the theoretical ratio for normal alleles.

Statistical analysis

Statistical analyses were performed using the JMP1 statistical
package (SAS Institute, Cary, NC), choosing a significance level
of 0.01. The nonparametric two-sided Wilcoxon/Kruskal–Wallis
log rank test was used to determine the comparative distribution
of TC and AI in the breast tumor and TA-HN tissue specimens, as
well as associations between TC and AI in the paraffin-embedded
breast tumor samples of cohort 2.

TABLE I – CLINICAL CHARACTERISTICS OF TUMOR COHORTS

Cohort N
Age at Dx1 Dx1 Size2 Node3 TNM Stage

Range Median Mean IDC LC DCIS S L N P n/av I IIA IIB IIIA IIIB IV

1 12 26–61 53 49 10 1 1 n/av 2 10 2 0 3 2 2 3 0
2 38 35–75 48 50 36 2 0 4 32 7 29 2 2 5 14 11 0 2
3 48 31–89 54 56 44 4 0 8 40 19 29 0 11 13 15 8 1 0
4 (Normal) 20 15–48 30 29 n/a n/a n/a n/a n/a n/a

TNM, Tumor-Nodes-Distant Metastasis; n/a, not applicable; n/av, not available.
1Dx, Diagnosis of invasive ductal carcinoma (IDC), lobular carcinoma (LC), ductal carcinoma in situ (DCIS).–2S 5 small (�2 cm), L5 large

(>2 cm).–3N5 negative, P 5 positive.
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Results

TC in normal breast tissues

To define the normal range of TC in disease-free breast tissues,
the TC, a proxy for telomere length,46,47 was measured in normal
breast tissues obtained from 20 women (mean age 29) undergoing
reduction mammoplasty (NBRST-RM). TC ranged from 114% to
158%, with a mean of 127% and a median of 126%, of TC in the
placental DNA standard (Fig. 1). The interquartile variation (IQR),
a statistical measure of the dispersion of the data, was only 12%,
indicating little variation in telomere length in normal breast tissue.
For comparison, TC was also measured in PBLs from 59 women
(mean age 53) with a previous diagnosis of breast cancer. TC in
PBLs ranged from 46% to 120%, with a mean of 90%, a median of
87% and an IQR of 19%, of the standard. The mean TC in normal
breast was significantly higher than mean TC in PBLs (p >
0.0001). However, greater than 95% of all normal specimens
(NBRST-RM and PBLs) had TC values within 70–137% of the
standard. This range is interpreted to include the effects of all extra-
neous and inherent factors on observed TC in normal tissue, includ-
ing age, tissue site, sample source and experimental variation.

Histology of cancerous and adjacent histologically
normal breast tissues

The histologies of the tissues comprising two representative
cases from the two independent cohorts of breast tumor tissues
and matched tumor adjacent histologically normal (TA-HN) tis-

sues are shown in Figure 2. The first cohort was composed of
12 sets of breast tumor tissues and TA-HN tissues excised 1 cm
(TA-HN-1) and 5 cm (TA-HN-5) from the tumor margins. Frozen
sections were stained with hematoxylin and eosin and exam-
ined microscopically. Sections of the tumors contained variable
amounts of infiltrating carcinoma and ductal carcinoma in situ
(Fig. 2A and 2D). In contrast, both TA-HN-1 and TA-HN-5 tissues
had normal architecture, lobular units, ducts, and adipose tissue
(Fig. 2B, 2C and 2E, 2F, respectively). Unlike the first cohort,
which was composed of snap frozen tissues derived from contem-
porary mastectomies, the second was composed of paraffin-em-
bedded archival tissues derived from women who had radical mas-
tectomies or lumpectomies between 1982 and 1993. Fig. 2 shows
two representative pairs of hematoxylin and eosin stained tumor
(Fig. 2G and 2I) and TA-HN tissues (Fig. 2H and 2J). Infiltrating
carcinoma can be seen in the tumors, while the TA-HN tissues
show normal lobular architecture. Although tumor and TA-HN tis-
sues comprising the second cohort came from different paraffin
blocks, and the TA-HN tissues were obtained from sites outside
the visible tumor margins, the exact distances between the sites of
the TA-HN tissues and the tumors’ margins are not known.

TC in tumor and adjacent histologically normal breast tissues

The spatial distribution of TC was examined in the 12 groups of
breast tissues comprising the first cohort and compared with TC in
the normal, disease-free breast tissues from radical mastectomy
(Fig. 1). The mean TC values in the TA-HN-5 and TA-HN-1 tissues

FIGURE 1 – Distribution of telomere DNA content (TC) in disease-free normal breast tissues from reduction mammoplasties (NBRST-RM),
in peripheral blood lymphocytes (PBL), and in the breast tumor cohorts 1 and 2, including their tumor-adjacent histologically normal (TA-HN)
tissues. TA-HN was excised at 1 and 5 cm from the tumor margin in cohort 1, and at unknown distances from the tumor margin in cohort 2. The
number of tissues analyzed is indicated (n). TC is expressed as percentage of TC in placental control. The boxes represent group median (line
across middle) and quartiles (25th and 75th percentiles) at its ends. Lines below and above boxes indicate 10th and 90th percentiles, respec-
tively. In cohort 1, TC values of the individual matched samples are connected by thin lines. The gray shaded area indicates 95% of TC measure-
ment for all normal specimens (NBRST-RM and PBLs). The p-values indicate comparisons between different tissue cohorts calculated by the
two-sided Wilcoxon Kruskal/Wallis rank sums test. Additional statistical comparisons are mentioned in the text. Note: (i) Although the data
points are horizontally shifted, some are still overlapping, and therefore not visible; (ii) due to the scale of the figure, two data points at values of
404% and 480% in the TA-HN set of cohort 2 are not shown.
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were 101% and 66% of TC in the normal placental DNA standard,
respectively. The mean TC value in tumors was 59%. Although the
mean TC in TA-HN-5 tissues was significantly less than in
NBRST-RM tissues (p 5 0.001), it was not significantly different
than the mean TC in PBLs from women of similar age (p 5 0.16).
Moreover, TC values in each of the TA-HN-5 tissues were within
the range that defined >95% of all normal tissues. Since telomere
length decreases with age,48,49 it is likely that the difference be-
tween TC in the normal and TA-HN-5 tissues is due to the different
ages of the two groups of women (27 vs. 49 years).

In contrast, mean TC in TA-HN-1 tissues was significantly less
than TC in NBRST-RM tissues (p < 0.0001) and PBLs (p 5
0.001), and TA-HN-5 tissues (p < 0.01). Mean TC in tumors also
was significantly less than those in NBRST-RM tissues (p <
0.0001), PBLs (p < 0.0001) and TA-HN-5 tissues (p < 0.001).
However, mean TC in tumor and TA-HN-1 tissues was indistin-
guishable (p 5 0.58). Consistent with these findings, TC was, on
average, 35% lower in each TA-HN-1 sample than in the paired
TA-HN-5 sample, while the differences in TC between the TA-
HN-1 and matched tumor specimens were varied, encompassing
decrease, stabilization, and increase of TC with an average change
of only 3% (lines in middle panel of Fig. 1). In total, TC values in
8 of 12 specimens of TA-HN-1 and 10 of 12 specimens of paired

tumor tissues were outside the range that defined >95% of all nor-
mal tissues (NBRST-RM and PBLs).

Similarly, TC distribution was examined in a second, independ-
ent cohort (Fig. 1). Although the distributions of TC values in the
38 matched pairs of TA-HN and tumor tissues were broader than
those measured in the first cohort (IQR 5 88% and 69%, respec-
tively), 16 of 38 TA-HN and 14 of 38 tumor specimens, respec-
tively, had TC values less than those found in NBRST-RM tissues
and PBLs, and only 9 of 38 TA-HN and 7 of 38 tumor specimens
had TC values exceeding those found in all normal tissues
(NBRST-RM and PBLs). A similar TC distribution was observed
in a third collection of 48 frozen breast tumors (Table II), and in a
collection of archival tumor and matched TA-HN prostate tissues,
each collected between 1982 and 1993.28 As observed in the com-
parison between tumor and TA-HN-1 specimens in the first
cohort, there was no difference in mean TC in tumors and TA-HN
tissues (p 5 0.35). However, there was greater heterogeneity in
the samples of the second as compared to the first cohort. Never-
theless, data from both cohorts are consistent with the conclusion
that significant telomere attrition, comparable to that observed in
tumors, occurs in TA-HN breast tissue. Significant telomere attri-
tion (to a level outside the range seen in >95% of all normal tis-
sues) occurred (i) in almost 50% (24/50) of TA-HN-1 and TA-HN

FIGURE 2 – Hematoxylin and eosin staining of human breast tissue sample sections. Two representative cases from the first (A–F) and second
(G–J) cohorts are shown. Abnormal architecture with fields of infiltrating ductal carcinoma and ductal carcinoma in situ are seen in the tumor
sections (A, D, G and I). Normal lobular and ductal architecture and adipose tissue are seen in the tumor-adjacent tissues at the indicated dis-
tance from the visible tumor margin (first cohort: B, C and E, F), or at unknown distances (second cohort: H and J). HN, histologically normal
tissue; bars represent 200 lm.
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specimens, (ii) at sites at least 1 cm from the tumors’ margins, and
(iii) since TC is measured in bulk tissue that has not been micro-
dissected, in a substantial fraction of the cells in the samples.

AI in tumor and adjacent histologically normal breast tissues

To investigate the extent of genomic instability in cohorts 1 and
2, tumor and TA-HN tissues were screened for AI at 16 unlinked
microsatellite loci. Unlike the TC assay, which utilizes a slot blot
methodology to titrate the quantity of telomere DNA in a defined
amount of genomic DNA, the AI is defined by the ratio of the peak
heights of allelic amplicons after PCR. Thus, it is unlikely that in-
herent or extrinsic factors that affect measurement of TC would
similarly affect the determination of AI. To establish a baseline for
the incidence of AI in normal breast tissue, 201 heterozygous loci
in the 20 specimens of NBRST-RM tissues were analyzed by this
approach. The mean peak height ratio was determined to be 1.18
(SD 5 0.166). On the basis of these values, a highly conservative,
operational definition of AI was established as a ratio of peak
heights �1.68, i.e., the mean 1 3.0 SD. This threshold excluded
more than 99% of the allelic ratios observed in the NBRST-RM tis-
sues, and established a baseline incidence of 0.1 unbalanced loci
per specimen of normal breast tissue. As shown in Figure 3, a virtu-
ally identical value, 0.08 loci per specimen, was measured in the
TA-HN-5 tissues. In contrast, the mean numbers of unbalanced loci
in the TA-HN-1 and tumor tissues were 0.42 and 1.25 loci per spec-
imen, respectively, approximately 5 and 15 times higher than the

incidence in the TA-HN-5 tissues. The baseline incidence of 0.1
unbalanced loci per specimen predicts that approximately 10% and
1% of normal tissues will have one and two unbalanced loci,
respectively. Consistent with this prediction, 3 of 20 and 1 of 12
NBRST-RM and TA-HN-5 tissues, respectively, had one site of AI.
Only one of more than 120 normal samples we have analyzed to
date had 2 unbalanced loci, and none had more than 2 unbalanced
loci. Accordingly, neither the NBRST-RM nor the TA-HN-5 speci-
mens had more than one unbalanced locus. In contrast, one TA-
HN-1, and 5 tumor tissues had 2 or more unbalanced loci. These
data are consistent with the conclusion drawn from the TC analysis
that both tumors and TA-HN-1 tissues are genetically distinct from
TA-HN-5 tissue, and that both are genetically unstable.

This conclusion is further supported by results obtained with the
second cohort. Microsatellite alleles were successfully amplified in
23 pairs of the 38 samples. As with the TC determinations, the distri-
bution of the numbers of unbalanced loci was much broader in the
second cohort than in the first. The mean numbers of unbalanced loci
in the TA-HN tissues and matched tumors were 2.61 and 2.48 loci
per specimen, respectively (Fig. 3). The mean numbers of unbal-
anced loci in TA-HN and tumor tissues were significantly greater
than the numbers in either NBRST-RM or TA-HN-5 tissues (p <
0.01). The extent of AI in the tumors and their matched TA-HN tis-
sues of the second cohort were indistinguishable (p 5 0.88). Signifi-
cantly, 74% (17/23) of TA-HN tissues and 70% (16/23) of matched
tumors had 2 or more sites of AI, and 57% (13/23) and 40% (9/23),
respectively, had 3 or more sites. Like the TC measurements, the in-
dependent measurement of AI, performed in two independent
cohorts of paired breast tissues, indicates that at least 1 unbalanced
locus is present (i) in more than 74% (26/35) of TA-HN-1 and TA-
HN specimens, (ii) at sites at least 1 cm from the tumors’ margins
and (iii) since AI was measured in bulk tissue that was not microdis-
sected, and the threshold for detecting AI requires that approximately
40% of the cells have lost the specific allele (see later), specific sites
of AI are present in a substantial fraction of the cells.

Conservation of unbalanced alleles in tumor and
adjacent breast tissues

To investigate the possibility that TA-HN and tumor tissues rep-
resented early and late stages, respectively, in the clonal evolution
of the cancers, we measured the frequency of conservation of
unbalanced loci in the 2 cohorts of paired tumor and TA-HN tis-
sues. As shown in Figure 4, in the first cohort, 2 of the 6 (33%)
sites of AI present in TA-HN tissues were conserved in the paired
tumors (left panel). Likewise, in the second cohort, 21 of the 60

TABLE II – TC VALUES IN NORMAL, TUMOR AND TUMOR ADJACENT,
HISTOLOGICALLY NORMAL (TA-HN) TISSUES1

N Median Mean Min Max IQR

Normal tissues
NBRST-RM 20 126 127 114 158 12
PBL 59 87 90 46 120 19

Cohort 1
TA-HN-5 12 100 101 70 128 44
TA-HN-1 12 59 66 43 119 38
Tumor 12 57 59 24 108 27

Cohort 2
TA-HN 38 85 106 6 480 88
Tumor 38 102 98 14 224 69

Cohort 3
Tumor 48 105 118 65 247 60

IQR, interquartile range; NBRST-RM, normal breast tissue from
reduction mammoplasty; PBL, peripheral blood lymphocytes.

1Data from Figure 1.

FIGURE 3 – Extent of allelic imbalance
(AI) in disease-free normal breast tissues
from reduction mammoplasties (NBRST-
RM), and in the breast tumor cohorts 1 and 2,
including their tumor-adjacent histologically
normal (TA-HN) tissues. TA-HN was ex-
cised at 1 and 5 cm from tumor margin in
cohort 1, and at unknown distances from the
tumor margin in cohort 2. The number of tis-
sues analyzed is indicated (n). The bars indi-
cate the mean number of unbalanced loci 6
standard errors. The stars indicate statistically
significant differences (p < 0.01) from both
NBRST-RM and TA-HN-5 (two-sided Wil-
coxon Kruskal/Wallis rank sums test).
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(35%) sites of AI present in TA-HN tissues were conserved in the
paired tumors (right panel). The odds of this occurring by chance
are estimated to be approximately 3 3 1022 and 1027 for the first
and second cohorts, respectively.

Association between TC and AI in breast tumor tissues

Since telomere attrition is a source of genomic instability, and
since we observed telomere attrition and increased AI in breast
tumors, we determined the association between TC and AI (Fig.
5). For this analysis, microsatellite alleles were successfully
amplified in 30 of the 38 breast tumor samples of cohort 2. Non-
parametric 2-sided Wilcoxon/Kruskal–Wallis log rank analysis
revealed a significant difference in TC in tumors with high (�3
sites) as compared to low (�2 sites) AI (p 5 0.002).

Discussion

Although mechanistic insights into the molecular pathology of
sporadic breast cancers are increasing, the question of how carci-
nogenesis is initiated in human breast tissues remains largely
unanswered.50–53 However, it is widely accepted that genomic
instability is a prerequisite of virtually all tumors, including breast

cancers, and that this instability facilitates the accumulation of fur-
ther genetic alterations that result in cancer progression through
clonal expansion of cells with a proliferative advantage.1–3,51–53

Two independent, quantitative measures of genomic instability,
TC and AI, were used in this study to demonstrate that genomic
instability occurs in histologically normal breast tissues adjacent to
the corresponding tumors. These studies show that shortened telo-
meres (to a level outside the range seen in >95% of all normal
tissues) and unbalanced allelic loci are present (i) in 50–75% of
TA-HN and TA-HN-1 specimens, (ii) at sites at least 1 cm from the
tumor margins and (iii) in a substantial fraction of the cells compris-
ing the TA-HN tissue. This finding parallels our previous studies on
tumors of the prostate and their matched TA-HN tissues,28 and is in
agreement with the work of previous investigators who reported
that genetic alterations, including telomere attrition and loss of het-
erozygosity, occur in histologically normal tissues adjacent to breast
tumors.34–38,41–44 In these previous studies, the sites of telomere
attrition, loss of heterozygosity and AI were physically distant from
one another and from the tumors, albeit in most cases at undefined
distances from the corresponding tumor lesions.24,42–44 In contrast,
and to our knowledge, the findings in cohort 1 represent the first

FIGURE 4 – Conservation of unbalanced alleles in matched tumor (T) and tumor-adjacent histologically normal (TA-HN) breast tissues of
cohort 1 (left panel) and cohort 2 (right panel). Sites of allelic imbalances are indicated by gray boxes; sites of allelic imbalances conserved
between tumor and TA-HN tissues are indicated by black boxes. The unlinked chromosomal loci are designated 1–15 and are as following (1)
D8S1179, (2) D21S11, (3) D7S820, (4) CSF1PO, (5) D3S1358, (6) TH01, (7) D13S317, (8) D16S539, (9) D2S1338, (10) D19S433, (11) vWA,
(12) TPOX, (13) D18S51, (14) D5S818, (15) FGA. Note: Homozygous amelogenin (all female samples) is not shown.
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study in breast cancers that analyzes genomic instability at defined
distances (1 and 5 cm) from the visible tumor margins. Conse-
quently, this study reveals that genomic instability in tumor adja-
cent, histologically normal breast tissues is a function of distance
from the tumor lesion, showing decreasing extent of genomic insta-
bility with increasing distance from the tumor margin. One explana-
tion for these findings is that breast tumor cells exert a transforming
effect on surrounding cells, leading to genetic alterations in adjacent
tissues, as has been proposed for prostate cancer cells.54,55 How-
ever, we prefer the alternate hypothesis, that breast epithelial carci-
nogenesis occurs at higher frequency in fields of cells with elevated
genomic instability. This is supported by our observation that the
occurrence of two independent markers of genomic instability, telo-
mere attrition and unbalanced allelic loci, are highest in the tumor
lesions and decrease with increasing distance from the tumor.
In addition, analysis of tumors reveals an association between TC
and extent of AI. Thus, we argue that telomere attrition induces
genomic instability in breast tissues, and while this may not neces-
sarily be apparent in histologically normal precancerous tissue, it is
strongly displayed in tumor lesions.

Although similar conclusions can be drawn from the TC and AI
analyses in each of the two cohorts, the range of TC values and the
number of unbalanced loci per specimen were both greater in the
second cohort. In this context, it is important to emphasize that both
TC and AI reflect the average TC and peak height ratios in the cells
comprising the sample; they do not provide information about
the variability of TC or AI between individual cells. Consequently,
the ability to detect specific changes in TC or AI diminishes as the
number and types of cells in the sample increases. On the basis of
the DNA yields, we estimate that there were approximately 20
times more cells in the samples comprising the first cohort (median
�106 cells), than the second cohort (median �5 3 104 cells). This
difference reflects the relative amounts of tissue available from the
fresh surgical specimens comprising the first cohort versus the sec-

tions of paraffin-embedded tissue blocks comprising the second
cohort. This consideration is particularly significant in the case of
the AI assay. On the basis of theoretical considerations and mixing
experiments (data not shown), we estimate that imbalance at a spe-
cific locus must occur in �40% of the cells in the sample to gener-
ate an allelic ratio of 1.68, the threshold for significance used in
these studies. Thus, sites of AI that are not prevalent in the cell pop-
ulation are not detected, even if there are many such individual
sites. In this context, it is not surprising that specific sites of AI are
detectable in breast tumors, which evolve clonally.51 However, it is
remarkable that AI is detected in TA-HN tissue, as it not only
reflects underlying genomic instability, but also requires clonal
expansion of genetically altered, premalignant cell clones within
histologically normal breast tissues. This interpretation is further
corroborated by the fact that more than a third of unbalanced alleles
in adjacent, histologically normal tissues are conserved in the
matched tumors. The latter has important practical implications, as
it indicates that it is not necessary to micro-dissect tissues, for
example using laser capture microscopy, to detect genomic instabil-
ity, using the assays described in the present study. In fact, these
assays allow the selective detection of changes in cell clones under-
going expansion because of proliferative advantages.

Taken together, our results are in agreement with the concept of
‘‘field cancerization,’’ introduced by Slaughter and colleagues in
1953,56 and more recently reviewed by others.57–59 These authors
developed the term to explain the multifocal and seemingly independ-
ent areas of histologically precancerous alterations occurring in oral
squamous cell carcinomas.56 Organ systems in which field canceriza-
tion has been implied include lung, colon, cervix, bladder, skin and
breast.57 The concept of field cancerization has also been used to
explain the occurrence of genetic and epigenetic mosaicism in cancer
precursor tissues.60 Based on our results, we propose to extend the
concept of field cancerization to genetic alterations in otherwise histo-
logically normal breast tissues, and our study is the first to include TC.

In head and neck squamous carcinoma, field cancerization has
been shown for relatively large tissue areas, i.e. up to 7 cm in di-
ameter.61 It is thus not surprising that our data show extensive
field cancerization in tissues 1 cm outside breast tumor margins.
In the present study, TC was also different between disease-free
NBRST-RM tissues and TA-HN tissues excised at 5 cm from the
tumor margin. However, TC was similar in TA-HN-5 tissues and
PBLs from women of similar age. Since telomere length decreases
with age,48,49 the observed difference in TC between NBRST-RM
and TA-HN-5 tissues is likely due to the age discrepancy between
the two cohorts of women (27 vs. 49 years).

The existence of fields of genomic instability that support tumori-
genic events also has important clinical implications. First, such
fields could give rise to clonal selection of precursor cells that ulti-
mately lead to the development of cancer.62 In this context, our
recent studies have identified the presence of telomerase-positive cell
populations within histologically normal tissues adjacent to breast
tumors that could represent fields of premalignant cells.45 Second,
the presence of such fields, even after surgical resection of primary
tumors, may represent an ongoing risk factor for cancer recurrence
or formation of secondary lesions, which occurs in up to 22% of
women undergoing breast conservation therapies for small invasive
and noninvasive breast cancers.58,63,64 For these reasons, our study
has practical implications for the assessment of appropriate tumor
margins for breast cancer surgical procedures, secondary treatment
options and prognosis, possibly including the risk for the develop-
ment of new primary tumors in the contra-lateral breast.65–67 Thus,
our study also suggests that evaluation of surgical margins should
include molecular, in addition to histological, techniques, thus war-
ranting further investigations.
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FIGURE 5 – Association between telomere DNA content and allelic
imbalance in 30 breast tumor samples of cohort 2. The samples were
dichotomized according to the number of genomic sites affected by
allelic imbalance, i.e. �3 or �2 sites. The number of tissues analyzed
is indicated (n). TC is expressed as percentage of TC in placental con-
trol. The boxes represent group median (line across middle) and quar-
tiles (25th and 75th percentiles) at its ends. Lines below and above
boxes indicate 10th and 90th percentiles, respectively. The nonpara-
metric two-sided Wilcoxon/Kruskal–Wallis log rank test was used to
assess the statistical significance of the difference between the means.
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Telomere content correlates with stage and prognosis in breast cancer
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Summary

Purpose. To evaluate the hypothesis that telomere DNA content (TC) in breast tumor tissue correlates with TNM
staging and prognosis.

Experimental design. Slot blot assay was used to quantitate TC in 70 disease-free normal tissues from multiple
organ sites, and two independent sets of breast tumors containing a total of 140 samples. Non-parametric Rank–
Sums tests, logistic regression and Cox proportional hazards models were used to evaluate the relationships between
TC and tumor size, nodal involvement, TNM stage, 5-year survival and disease-free interval.

Results. TC in 95% of normal tissues was 75–143% of that in the placental DNA standard, whereas only 50%
of tumors had TC values in this range. TC was associated with tumor size (p=0.02), nodal involvement
(p<0.0001), TNM stage (p=0.004), 5-year overall survival (p=0.0001) and 5-year disease-free survival
(p=0.0004). A multivariable Cox model was developed using age at diagnosis, TNM stage and TC as independent
predictors of breast cancer-free survival. Relative to the high TC group (>123% of standard), low TC (<101% of
standard) conferred an adjusted relative hazard of 4.43 (95% CI 1.4–13.6, p=0.009). Receiver operating charac-
teristic curves using thresholds defined by the TC distribution in normal tissues predicted 5-year breast cancer-free
survival with 50% sensitivity and 95% specificity, and predicted death due to breast cancer with 75% sensitivity
and 70% specificity.

Conclusions. TC in breast cancer tissue is an independent predictor of clinical outcome and survival interval, and
may discriminate by stage.

Introduction

It is estimated that in the US in 2005 more than 200,000
women were diagnosed with breast cancer, and
approximately 40,000 women died from this disease.
Micrometastasis (metastatic cells that have escaped the
primary tumor, but are currently undetectable) are a
primary cause of breast cancer recurrence and mortality.
Although TNM (Tumor size-Nodal involvement-
Metastasis) is among the most informative of current
prognostic markers for breast cancer [1–2], it often
fails to discriminate between women who will have
favorable and poor outcomes [1–5]. Thus, it is important
to develop new markers that accurately predict the

likelihood of breast cancer recurrence at the time of
diagnosis.

Nearly a century ago, Boveri proposed that cancer
resulted from altered genetic material. It is now widely
accepted that genomic instability – the amplification,
loss or structural rearrangement of a critical gene or
genes – occurs in virtually all cancers [6]. The phenotype
of a tumor is a reflection of its gene expression. There-
fore, mechanisms that generate genomic instability, and
thereby alter gene expression, play direct roles in tumor
progression, including the development of aggressive
tumor phenotypes like micrometastasis. Telomere dys-
function is one mechanism of generating genomic
instability [7–9]. Telomeres are nucleoprotein complexes
that protect the ends of eukaryotic chromosomes from
degradation and recombination [10–12]. Due to incom-
plete replication, telomeres are shortened during each
round of cellular replication [13]. Telomere shortening
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may also be a consequence of double-strand DNA
breaks, or changes in either the expression or function of
any of the numerous proteins required for telomere
maintenance [14–16]. Critically shortened, dysfunctional
telomeres are prone to chromosome fusion and break-
age [17], and in normal somatic cells lead to p53-
dependent senescence and apoptosis [18]. However,
these mechanisms are inactivated in cancer cells, for
example, through p53 and Rb mutations. The direct
relationship between dysfunctional telomeres, genomic
instability and altered gene expression implies that tu-
mors with the shortest telomeres have the most unstable
genomes and, consequently the greatest probability of
aberrant gene expression. Likewise, tumors with the
longest telomeres would be expected to have fewer
genomic alterations, and therefore, lower probability of
containing cells with the phenotypes associated with
disease recurrence. Accordingly, we and others have
postulated that the mean telomeric DNA length in a
tumor may provide a surrogate for phenotypic vari-
ability and therefore have prognostic potential in tumors
[19–21].

There have been several investigations of the rela-
tionship between telomere length, or its proxies, and
outcome in cancer. The most well characterized of
these are in hematological cancers where it has been
shown that telomere loss is associated with decreased
survival in multiple types of leukemia and myeloma
[22–24]. However, there have been few investigations of
the prognostic potential of telomere length in solid
tumors, which account for the majority of cancer
incidence. Primarily, this is because the limited quan-
tity and poor quality of DNA that is typically recov-
ered from archival tissues precludes the use of
Southern blotting techniques for the determination of
telomere length.

To circumvent these problems, we previously de-
scribed an alternative approach for measuring telomere
length in genomic DNA obtained from fresh, frozen
and, most importantly, paraffin-embedded tissues up to
20 years old [25,26]. The content of telomere DNA se-
quences (TC) in a DNA sample is titrated by hybrid-
ization with a telomere specific probe, and then
normalized to the quantity of total genomic DNA in the
same sample, thus controlling for the differences in
DNA ploidy that are frequent in solid tumors. Our
previous studies have shown that TC measured by this
method is directly proportional to mean telomere length
determined by Southern blotting [25]. Thus, TC is a
proxy for telomere length and not affected by TTAGGG
sequences outside the telomere. However, in contrast to
Southern blotting, the TC assay can be performed with
as little as 5 ng of genomic DNA and fragmented DNA
less than 1 KB in length [25,26]. Therefore, the TC assay
is particularly well-suited for analysis of retrospective
studies of archival specimens from subjects with known
outcomes.

Using this method, we previously demonstrated that
reduced TC is associated with metastasis to lymph nodes

in breast cancer [19]. More recently, we reported that
TC was an independent predictor of time to prostate
cancer recurrence (RH=5.02) [20]. Short telomeres have
also been associated with poor outcomes in neuroblas-
tomas [27] while very long telomeres are a positive
prognostic indicator in glioblastoma multiforme [28].
Collectively, these data imply that the extent of telomere
loss or gain in tumors may have wide potential as a
prognostic marker. However, this conclusion must be
considered provisional, as prior studies often were based
on small numbers of samples, highly selected patient
populations and limited follow-up data using multiple
clinical endpoints. In addition, the criteria for defining
‘‘long’’ or ‘‘short’’ telomeres are usually relative, and the
relationships between telomere lengths in tumors and
true disease-free tissue are often undefined.

In the current investigation, we have used the TC
assay to define a normal range of telomere DNA content
in breast and other tissues from multiple sites in healthy
donors, compared this range to the distribution of TC
measured in breast tumor tissues, and evaluated the
relationships in breast tumor tissues between TC and
TNM stage (and its individual components), 5-year
breast cancer survival, and breast cancer-free survival
interval following surgical excision of breast carcinoma.

Materials and methods

Tissue samples

Four independent sets of human breast tissues were used
in this study. The first set (1982–1993) was comprised of
77 archival frozen and paraffin-embedded breast tumor
tissues from women with either invasive ductal or lob-
ular carcinomas who had radical mastectomies (N=63),
breast sparing surgery (N=11) or unspecified surgeries
(N=3) between 1982 and 1993. The second set (1996–
1999) was comprised of 63 archival paraffin-embedded
breast tissues from a randomly selected subset of women
participating in the population-based Health, Eating,
Activity and Lifestyle (HEAL) Study [29]. These women
were diagnosed with ductal carcinoma in situ (DCIS),
invasive ductal carcinomas or invasive lobular carcino-
mas, and had radical mastectomies (N=11) or breast
sparing surgery (N=52) between 1996 and 1999. Clini-
cal data on breast tumors (Tables 1, 2) were ascertained
by the New Mexico Tumor Registry (NMTR), a mem-
ber of the Surveillance, Epidemiology, and End Results
(SEER) Program of the National Cancer Institute.
TNM stage was assigned using the 2002 revised criteria
[30]. This study was approved by the University of New
Mexico (UNM) Human Research Review Committee.

The third set was obtained from the National Cancer
Institute Cooperative Human Tissue Network (Nash-
ville, TN) and contained disease-free breast tissue from
women who had reduction mammoplasty (RM). The
fourth set included matched tumor and histologically
normal breast (HNB) tissues collected at sites 5 cm from
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the visible tumor margins from women receiving full
mastectomies at UNM Hospital in 2003 and 2004. To
determine the extent to which TC differed as a function
of age, tissue of origin and disease-status, buccal cells
(BUC) were obtained from healthy male and female
college student volunteers and peripheral blood lym-
phocytes (PBL) were obtained from women previously
diagnosed with breast cancer.

Histological review

Paraffin-embedded and frozen tissue sections were
stained with hematoxylin and eosin and were examined
microscopically. Tumor tissues typically contained from
75–100% tumor cells.

Determination of telomere DNA content (TC)

DNA was extracted from slides cut from frozen or par-
affin-embedded tissue, and TC was measured as de-
scribed [20,26]. Briefly, DNA was isolated from frozen or
paraffin-embedded tissues, and blood samples using
Qiagen DNeasy Tissue kits (Qiagen, Valencia, CA) and
the manufacturer’s protocols. DNA was denatured at
56 �C in 0.05 M NaOH/1.5 M NaCl, neutralized in
0.5 M Tris/1.5 M NaCl, and applied and UV cross-
linked to Tropilon-Plus blotting membranes (Applied
Biosystems, Foster City, CA). A telomere-specific oli-
gonucleotide, end-labeled with fluorescein, (5¢-TTAG
GG-3¢)4-FAM, (IDT, Coralville, IA) was hybridized to
the genomic DNA, and the membranes were washed to
remove non-hybridizing oligonucleotides. Hybridized
oligonucleotides were detected by using an alkaline
phosphatase-conjugated anti-fluorescein antibody that
produces light when incubated with the CDP-Star sub-
strate (Applied Biosystems, Foster City, CA). Blots were
exposed to Hyperfilm for 2–10 min (Amersham Phar-
macia Biotech, Buckinghamshire, UK) and digitized by
scanning. The intensity of the telomere hybridization
signal was measured from the digitized images using
Nucleotech Gel Expert Software 4.0 (Nucleotech, San
Mateo, CA). TC is expressed as a percentage of the
average chemiluminescent signal from three replicate
determinations of each tumor DNA relative to the
average chemiluminescent signal in the same amount
(typically 20 ng) of a reference DNA standard (placental
DNA). DNA purified from HeLa cells, which have
approximately 30% of the TC in placental DNA, and
samples prepared without DNA served as positive and
negative controls, respectively.

Statistical methods

We compared the distribution of TC for normal and
tumor specimens and, within tumor specimens, by
tumor size, nodal involvement, and TNM stage using
schematic plots and the non-parametric Rank–Sums
(Kruskal–Wallis) test. Logistic regression was used
to model the fraction of tumors <2 cm in size, nodeT
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negative status, and at each TNM stage as a function of
TC. The results of the logistic regression models are
shown as plots of predicted values against TC. We
investigated the association between survival and TC
using Kaplan–Meier survival plots for three categories
of TC, which were based on tertiles of the TC distri-
bution in normal specimens. Death from any cause and
death due to breast cancer were evaluated separately in
the survival analyses. Cox proportional hazards models
were used to control for the confounding effects of
TNM stage and age. SAS version 9.1 and JMP (SAS
Institute) were used for all analyses. P-values <0.05
were considered to be significant.

Results

Telomere contents in normal tissues

Telomere content can be affected by several inherent
properties, such as patients’ ages and health status, and
the organ sites from which the tissue specimens were
collected. To evaluate the potential variability in TC
arising from inherent properties of tissues, TC was
measured in a diverse sampling of 70 specimens of
normal tissue from multiple organ sites (Figure 1).
Specimens included breast tissue obtained by reduction
mammoplasty (RM); histologically normal breast tis-
sues excised from sites 5 cm from the breast tumor
margins (HNB), buccal cells from healthy, young men
and women (BUC) and PBL from women with a prior
diagnosis of breast cancer (PBL). As summarized in
Table 2, median TC in HNB and PBL sets (101 and
87%, respectively) were approximately 30% lower than
median TC in the RM and buccal specimens (126 and
110%, respectively). Similarly, the median ages for the
donors of the HNB set (53 years) was almost twice the
median ages of the donors of the RM samples (30 years).
Although the ages of the volunteers contributing the

BUC and PBL samples were not collected, the BUC
samples were obtained from college students in their
early 20s, while the PBL samples were obtained from a
subset of a larger study group with a median age of 58
years. Thus, the results are consistent with the accepted
view that telomere length in humans decreases as a
function of age [13].

BUC
26

PBL
12

RM
20

HNB
12

1982−1993
77

1996−1999
63

100

200

300

400

%
 T

C

0

Normals Tumors

500

Set
N=

Figure 1. Distributions of telomere DNA contents (TC) in normal and

tumor tissues. TC is shown on the y-axis, and is expressed as a per-

centage of TC in placental DNA standard, measured in parallel. The

number of specimens in each tissue set (N) is indicated below the set

designation on the x-axis. The shaded area (75–143% of the placental

DNA standard) contains 95% of the TC values in the four sets of

normal tissues. The line across the middle of each box shows the group

median and the quartiles (25th and 75th percentiles) as its ends. The

10th and 90th quantiles are shown as lines above and below the box.

Table 2. Ages at tissue collection and telomere DNA contents in normal and tumor tissues

Seta N Age at tissue collection Telomere DNA content (% placental DNA control)

Median Mean Range Q1 Q3 Median Mean Range Q1 Q3

Normal

RM 20 30 29 15–48 21 36 126 127 114–158 120 132

HNB 12 53 49 26–61 39 59 101 101 70–128 79 124

PBL 12 NA NA NA NA NA 87 91 71–117 78 106

Buccal 26 NA NA NA NA NA 110 114 89–148 100 126

Combined 70 36 36 15–61 25 51 116 112 70–158 98 126

Tumor

HNB Matched 12 53 49 26–61 39 59 57 59 24–108 42 69

1982–1993 77 48 52 31–88 42 60 108 109 36–247 77 126

1996–1999 63 56 59 32–85 48 72 136 148 31–359 98 177

Combined 152 53 55 26–88 45 65 110 121 24–359 76 146

Additional details are found in the text and the legend to Figure 1. Abbreviations: N: Number of specimens, Q1, Q3: first and third quartile (The

difference between Q1 and Q3 is the interquartile range, or IQR). NA: Not available.
aTissue sets are described in the Materials and methods section.

C A Fordyce et al.



The inter-quartile range (IQR), a statistical measure
of the dispersion of the TC data, was 28% for the
combined normal tissues (Table 2). Ninety-five percent
of all normal specimens had TC values of 75–143% of
the standard (shaded area, Figure 1). In order to assess
the extent to which this range was truly representative of
normal tissues, we measured TC in a second, indepen-
dent collection of 60 normal tissues (9 renal, 1 bone
marrow, 2 breast, 2 lymph node, 2 prostate, 1 tonsil and
43 PBL). Similarly, 95% of the specimens had TC values
within 75–145% of the standard (data not shown).
Therefore, the distributions of TC in normal tissues is
approximately 75–145%, which includes the effects of all
extraneous factors, such as experimental variation, and
inherent factors, such as subject’s age and health status,
the tissue type and source.

Telomere contents in breast tumor tissues differ
from normal tissues

Matched tumor tissue was available for the 12 speci-
mens of HNB tissues described above. Although TC in
11/12 of the HNB tissues fell within the expected range
for normal tissues, only 2/12 matched tumors had TC
within this range (Table 3). On average, TC in tumors
was 61% of TC in the matched HNB tissues. TC was
measured next in the 140 tumors comprising the 1982–
1993 and 1996–1999 tumor sets (Figure 1). The IQR for
TC in the two sets of tumor tissues, 49 and 79%,
respectively, were substantially greater than the 28%
IQR of the normal tissues (Table 2). Fifty-six percent of
breast cancer specimens in the 1982–1993 set had TC
values within the range that contained 95% of normal
tissues, while 23 and 21% had TC values less and greater
than the normal range, respectively. Similarly, only 43%

of breast cancer specimens in the 1996–1999 set had TC
values within the range that contained 95% of normal
tissues, while 14% were below the range and 43% were
above. Thus, TC in breast cancer tissues is significantly
more heterogeneous than that in normal tissues,
reflecting frequent abnormally short and long telomeres.

Telomere contents in breast tumor tissues are associated
with TNM stage

As shown in Table 2, mean and median TC differed
between 1982–1993 and 1996–1999 tumor sets. A non-
parametric Rank–Sums test of this difference in the
means (109 and 148%, respectively) was highly signifi-
cant (p=0.0008). There were also highly significant dif-
ferences between the two sets in the women’s ages
at diagnosis (p=0.001), and their tumor’s sizes (p<
0.0001), nodal involvements (p=0.0009) and TNM
stages (p<0.0001). In order to more directly address a
possible relationship between TC and the age at diag-
nosis, tumor size, nodal involvement and TNM stage, the
two tumor sets were combined and these relationships
were evaluated by non-parametric Rank–Sums tests
(Figure 2a–c) and logistic regressions (Figure 2f–h). In
each instance, there were highly significant associa-
tions with TC. Approximately 85% of the tumors in
the 1982–1993 set were TNM stage IIA or higher;
while approximately 66% of tumors in the 1996–1999 set
were TNM stage 0 or I (Table 1). This, coupled with the
strong association between TC and node status, suggests
that TC discriminates across TNM stages. In contrast,
there was no detectable association between TC and
tumor histology (i.e. ductal versus lobular carcinomas).

Telomere contents in breast tumor tissues are associated
with breast cancer survival

We hypothesized that telomere DNA length in a tumor
is a surrogate for phenotypic variability and, therefore,
atypically long and short telomeres, measured by high
and low TC, respectively, are more likely associated with
favorable and poor clinical outcomes, respectively. At
least 5 years of follow-up data were available for 137 of
the 140 women in the 1982–1993 and 1996–1999 sets.
The relationships between TC and both overall 5-year
survival and breast cancer-free 5-year survival were
evaluated by non-parametric Rank–Sums tests (Fig-
ure 2d,e) and logistic regressions (Figure 2i,j). Both
methods demonstrated highly significant associations
between TC and overall 5-year survival (p=0.0001,
p<0.0001, respectively) and breast cancer-free 5-year
survival (p=0.0004, p=0.0002, respectively). The same
conclusion was reached when the two tumor sets were
analyzed separately (data not shown). In these analyses,
the Kruskal–Wallis tests demonstrated that TC in the
1982–1993 group was associated with both overall
5-year survival (p=0.01) and breast cancer-free 5-year
survival (p=0.005). TC in the 1996–1999 set was
also associated with overall 5-year survival (p=0.02)

Table 3. TC in paired HNB and tumor tissue

Subjecta Telomere DNA content

(% placental DNA control)

HNB (%) Tumor (%) T/N (%)

A 95 58 61

B 75 49 65

C 78 70 90

D 102 56 55

E 115 24 21

F 70 65 93

G 128 56 44

H 97 85 88

I 82 63 77

J 118 40 34

K 128 29 23

L 125 108 86

Average 101 59 61

Additional details are found in the text and the legend to Figure 1. T/

N is the percent TC in the tumor (T) relative to TC in the paired,

histologically normal (HNB) tissues.
aTissue sets are described in the Materials and methods section.
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however, no members of the 1996–1999 set died from
breast cancer within 5 years of surgery (Table 1). Highly
significant relationships between TC and overall 5-year
survival (p=0.01) and breast cancer-free 5-year survival
(p=0.002) in the 1982–1993 group, and overall 5-year
survival in the 1996–1999 set (p=0.02) were also de-
tected by logistic regression. Collectively, the data sup-
port the conclusion that longer telomeres are protective
while shorter telomeres presage poor survival.

The sensitivity and specificity of TC as a predictor of
breast cancer-related death was evaluated by analysis of
the TC’s receiver operating characteristics (Figure 3).
TC ranges for the lower, middle and upper tertiles in
normal tissues were <101, 101–123, and >123% of
standard, respectively. Consistent with the data in Fig-
ure 1 demonstrating that many tumors have TC values
that are greater or lesser than those typically observed in
normal tissues, only 20 and 14% of tumors in the 1982–
1993 and 1996–1999 sets, respectively, had TC values

within the range defined by the middle tertile. The 124%
cutoff predicted 5 year survival with approximately 50%
sensitivity and 95% specificity, while the 100% TC cutoff
predicted death due to breast cancer with approximately
75% sensitivity and 70% specificity.

Telomere contents in breast tumor tissues predict breast
cancer-free survival interval

The extensive follow up data associated with the 77
tumors in 1982–1993 set (up to 23 years) made it possi-
ble to evaluate the effect of TC on breast cancer-free
survival. The tumors were grouped using the TC
thresholds described above: low TC was defined as less
than or equal to 100%, intermediate TC was defined as
101–123%, and high TC was defined as greater than
123%. A Kaplan–Meier plot and Log–Rank test
(Figure 4) demonstrated significant differences in the
groups’ survival intervals (p=0.013). This effect is
independent of age at diagnosis, nodal involvement and
TNM stage (Table 4).

As shown in Table 5, low TC conferred an unad-
justed relative hazard of 4.39 (95% CI=1.47–13.08;

Figure 2. Associations between breast tumors’ telomere DNA contents (TC) and tumor size, nodal status, TNM stage and 5 year breast cancer-

free survival. Tumor sets 1982–1993 and 1996–1999 were combined and stratified by tumor size (a), nodal status (b), TNM stage (c), overall 5-year

survival (d) and breast cancer-free 5-year survival (e). TC is shown on the y-axis, and is expressed as a percentage of TC in placental DNA

standard, measured in parallel. The number of specimens in each tissue set (N) is indicated below the set designation on the x-axis. Statistical

significance (p) was determined using the 2-sided non-parametric Rank–Sums test. The relationships between TC and tumor size (f), nodal status

(g), TNM stage (h) overall 5-year survival (i) and breast cancer-free 5-year survival (j) were also evaluated by logistic regression. Logistic

regression estimates the probability of choosing one of the specified parameters (e.g. large vs. small tumors) as a continuous function of TC. In a

logistic probability plot, the y-axis represents probability. TC is shown on the x-axis, and is expressed as a percentage of TC in the placental DNA

standard. The proportion of small tumors (i.e. <2.0 cm), node negative tumors, TNM stage 0–IV tumors, and survivors are shown on the y-axis.

See the legend to Figure 1 for additional details.
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p=0.008) relative to high TC. A multivariable Cox
model for the 1982–1993 breast tumor tissue set was
developed using age at diagnosis, TNM stage and TC as
independent predictors of breast cancer-free survival.
Relative to the high TC group, low TC conferred an
adjusted relative hazard of 4.43 (95% CI=1.44–13.64;
p=0.009). In total these data demonstrate that TC
predicts clinical outcome in invasive breast cancer.

Discussion

Telomere DNA content (TC) is a convenient proxy for
telomere length that is particularly well-suited for the
analysis of samples where DNA is degraded or scant,
such as sections from archival, paraffin-embedded tis-
sues. We measured TC values in three independent sets
of cancerous breast tissues, compared these to TC in
four sets of normal breast, buccal and blood cells, and
evaluated the associations of TC with tumor markers
and clinical endpoints, including disease-free and overall
survival, in two independent cohorts comprising a total
of 140 women with invasive breast cancer.

Four principal findings were made from this study.
The first is that the range of telomere lengths in each of
the three sets of breast tumors, measured as TC, is sig-
nificantly greater than the range of TC in tissues from
disease-free breast, buccal cells and blood cells. Only
17% of all tumors had TC values that were within the
range defining the middle tertile of normal tissues, and
approximately half of all tumors had TC values greater
or lesser than those in 95% of normal tissues. These
differences exceed those attributable to the several
inherent and extraneous factors that can potentially
confound measurements of telomere length, including
age, and demonstrate the disparity between the regula-
tion of telomere length in normal and tumor cells. It is
significant that TC was associated with age in normal
tissues, but not in tumors. This suggests that the extent
of telomere attrition and the activities of the compen-
satory mechanisms that lengthen and stabilize telo-
meres, such as telomerase-dependant or -independent
(‘‘ALT’’) processes, occurring in tumor cells are suffi-
ciently large to obscure the underlying, age-dependent
differences in telomere length.

Table 4. TNM stage, lymph node involvement, mean age at diagnosis and tumor size by TC level

TC level

36–100% 101–123% 124–247%

N % N % N %

TNM stage

I 3 8.6 3 17.6 5 20.0

IIA 11 31.4 2 11.8 7 28.0

IIB 12 34.3 6 35.3 7 28.0

IIIA, IIIB, IV 9 25.7 5 29.4 5 20.0

Unknown 0 0.0 1 5.9 1 4.0

Lymph nodes

Negative 8 22.9 5 29.4 12 48.0

Positive 27 77.1 12 70.6 12 48.0

Unknown 0 0.0 0 0.0 1 4.0

N Mean N Mean N Mean

Age at diagnosis 35 56.3 17 46.9 25 48.5

Tumor Size (mm)a 35 36.1 15 32.1 25 32.1

Abbreviations: TC, telomere DNA content; N, number of specimens.
aSize is measured in longest dimension.

Table 5. Relative hazards and 95% confidence intervals from proportional hazards model of survival from date of diagnosis of breast cancer

Unadjusted Adjusted for age, TNM stage

RH (95% CI) p-Value RH (95% CI) p-Value

TC level

36–100 4.39 (1.47, 13.08) 0.0079 4.43 (1.44, 13.64) 0.0094

101–123 2.33 (0.66, 8.27) 0.1900 1.95 (1.54, 7.06) 0.3066

124–247 1.00 1.00

A proportional hazards model of survival from date of diagnosis of breast cancer and up to 23 years of follow up was used to derive the

unadjusted and adjusted relative hazards (RH) associated with each TC group. The adjusted RH was developed using age at diagnosis, TNM

Stage and TC as independent predictors of survival. The 95% confidence intervals for RH are shown in parenthesis. Abbreviations: TC, telomere

DNA content; RH, relative hazard; CI, confidence interval. See Materials and methods section for additional details.
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Second, TC had significant associations with TNM
stage (0 or I versus IIA and higher) and also two of its
components: tumor size and nodal status. In contrast to
previous studies, and our investigation of prostate tu-
mors, where TC cutoffs were defined arbitrarily [20], TC
cutoffs in the present study were derived from the dis-
tribution of TC values in normal tissues. Given the small
amounts of DNA necessary to measure TC (as little as
5 ng), these results suggest that TC obtained by needle
biopsy or fine needle aspirates (FNA) may be used to
provide physicians preliminary TNM staging (or nodal
involvement) information prior to surgery.

We next demonstrated an association between TC in
breast tumor DNA and vital status following surgery.
Even though the two tumor sets were not controlled for
adjuvant therapies, the relationships between TC and
overall 5-year survival and breast cancer-free 5-year
survival were highly significant (p=0.0001 and p=
c0.0004, respectively). TC thresholds based on the tertile
distributions in normal tissues (described above) pre-
dicted 5 year breast cancer-free survival with approxi-
mately 50% sensitivity and 95% specificity and death
resulting from breast cancer within 5 years of surgery
with approximately 75% sensitivity and 70% specificity.
Kaplan–Meier plots confirmed that TC was associated
with the breast cancer-free interval.

Finally, TC provides prognostic information that is
independent of its ability to discriminate disease stage.
The relative hazard for death by breast cancer following
diagnosis that is conferred by TC values £ 100%, after
controlling for age at diagnosis and TNM stage
involvement (RH=4.43), was highly significant (p=
0.009). This result is nearly identical to our prior finding
that the relative hazard for recurrence of prostate cancer
following prostatectomy conferred by TC values
£ 75%, after controlling for age at diagnosis, Gleason
sum, and pelvic node involvement (RH=5.02) was also
significant (p=0.013) [20]. Together, these data support
the hypothesis that TC provides independent prognostic
information in multiple solid tumor types. We hypoth-
esize that telomere content predicts the likelihood of
micrometastasis and, in combination with extant prog-
nostic markers, might have better predictive value than
the extant markers alone, thus providing patients and
their physicians new information to guide therapeutic
decisions.

It is important to point out that all of the analyses
reported herein were performed with DNA purified
from tumor tissues that had not been microdissected.
Although histological review of tissue sections indicated
that tumor cells typically comprised 75–100% of the
samples, the potentially confounding effects of con-
taminating normal cells in the tumor warrants consid-
eration. In this context, we recently demonstrated that
telomere attrition comparable to that in matched prostate
and breast tumor tissues occurs in histologically normal
tissues at distances at least one centimeter from the
visible tumor margins [20,31]. In the latter study, it was
estimated that at least 40% of the cells in the tumor

adjacent histologically normal (TAHN) breast tissues
were genetically aberrant, and more than a third of
unbalanced alleles in the tumor were conserved in
matched TAHN breast tissues, implying that the tumor
and TAHN cells were derived from the same progenitor.
Taken together, these data support the conclusion that
TC in tumors and ‘‘contaminating’’ normal cells are
comparable, thus precluding the requirement for tissue
microdissection.

In summary, we report consistent differences in TC
between normal, disease-free and cancerous breast tis-
sues that are statistically significant by tumor charac-
teristics and clinical outcome. We conclude that TC is a
marker associated with disease stage and, importantly,
appears to be an independent predictor of clinical out-
come and survival.
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ABSTRACT 

 
BACKGROUND: Telomeres are nucleoprotein complexes that protect chromosome ends from 

degradation and recombination.  Critically shortened telomeres generate genomic instability.  It 

has been postulated that the extent of telomere DNA loss is related to the degree of genomic 

instability within a tumor, and therefore may presage clinical outcome.  The objective of this 

investigation was to evaluate the hypothesis that telomere DNA content (TC) in breast tumor 

tissues predicts overall and breast cancer-free survival intervals. 

 

METHODS: Slot blot titration assay was used to quantitate TC in 530 archival breast tumor 

tissues in a population-based cohort. The relationships between TC and twelve risk factors for 

breast cancer adverse events (i.e. death due to breast cancer, breast cancer recurrence, or new 

primary breast tumor) were evaluated by Fisher’s Exact Test. The relationships between TC and 

survival intervals were evaluated by log-rank analysis and displayed by Kaplan-Meier survival 

plots. Multivariate Cox proportional hazards models were used to evaluate the relationships 

between TC and twelve risk factors for breast cancer-free survival interval.  

 

RESULTS: A multivariate Cox proportional hazards model was developed using TC, p53 status, 

TNM stage, and ER status as independent predictors of  breast cancer-free survival interval 

(p<0.00005). TC was independent of each of twelve risk factors. Low TC (≤ 200% of standard), 

relative to the high TC group (> 200% of standard), conferred an adjusted relative hazard of 2.95 

(95% CI=1.19-7.32; p=0.020) for breast cancer-related adverse events.   
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CONCLUSIONS: TC in breast cancer tissue is an independent predictor of overall and breast 

cancer-free survival intervals.  
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INTRODUCTION 

Therapeutic management of breast cancer is complicated by the reality that conventional 

prognostic markers, such as patient age, TNM (Tumor size-Nodal involvement-Metastasis) stage 

and hormone receptor status, often do not identify women who will have
 
a local or distant 

recurrence [1-3]. Hence, many women are unintentionally over- or under-treated. For example, 

approximately one-third of women with breast cancer are node-negative at the time of diagnosis, 

of whom about 80% and 70% will survive for 5 years and 10 years, respectively, if treated with 

surgery and radiotherapy alone [1]. Meta-analysis of approximately 30,000 breast cancer patients 

participating in 69 clinical trials indicates that adjuvant poly-chemotherapy in node-negative 

patients aged < 50 improves 10 year survival from 71% to 78%, while in patients aged 50-70, 

adjuvant therapy improves 10 year survival from 67% to only 69% [1]. However, because 

currently available staging and prognostic markers cannot reliably identify the minority of 

women who will benefit from adjuvant therapy, the NIH/NCI and St. Gallen guidelines each 

recommend adjuvant poly-chemotherapy for all women with moderate to high risk breast cancer 

[2,3]. Consequently, the majority of women with localized tumors have therapy-related side 

effects and reduced quality of life, while gaining no therapeutic benefit [4]. Thus, there is a 

pressing need for new markers that accurately predict the likelihood of breast cancer recurrence.  

 

Tumorigenesis in humans is a multistep process in which successive genetic alterations, each 

conferring a selective advantage, drives the progressive transformation of normal cells into 

highly malignant cancer cells [5]. Due to incomplete replication, telomeres, the nucleoprotein 

complexes that protect the ends of eukaryotic chromosomes from degradation and 

recombination, are shortened during each round of cellular replication [6].  Most somatic cells do 
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not express telomerase, the reverse transcriptase responsible for adding the hexanucleotide 

sequence TTAGGG to the 3' strand of chromosomes, resulting in a reduction in telomere length 

with each cycle of chromosome replication [7,8]. Consequently, there is a limit to the number of 

doublings somatic cells can undergo before telomeres are critically shortened, become 

dysfunctional, and trigger an irreversible state of cellular senescence [9-11]. However, these 

protective mechanisms are inactivated in cancer cells, for example, through p53 and Rb 

mutations, resulting in successive rounds of chromosome breakage-bridge-fusion cycles, thus 

driving chromosome amplification, loss or structural rearrangement, and consequently, 

tumorigenesis [5,12].  

 

The relationship between dysfunctional telomeres, genomic instability and altered gene 

expression implies that tumors with the shortest telomeres have the most unstable genomes and, 

consequently, the greatest probability of aberrant gene expression. Likewise, tumors with the 

longest telomeres would be expected to have fewer genomic alterations, and therefore, lower 

probability of containing cells with the phenotypes associated with disease recurrence. 

Accordingly, several recent studies suggest telomere length may provide independent prognostic 

information for several solid tumors, including breast cancers [reviewed in ref. 13].  

 

Measurement of telomere length in formalin-fixed, paraffin-embedded (FFPE) tissues that are 

typically available for retrospective studies is problematic due to the limited quantity and poor 

quality of the DNA that is recovered.  Methods that are not affected by these limitations, such as 

telomere fluorescent in situ hybridization (FISH), are not well suited for the high throughput 

analyses needed for large sample sets [14]. Moreover, because telomere lengths in the cells of 
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interest are defined by comparison to telomere lengths in reference cells in the same small field, 

there is potential for an increased sampling error. 

 

To circumvent these problems, we previously described an alternative approach for measuring 

telomere length in genomic DNA obtained from fresh, frozen and, most importantly, FFPE 

tissues up to 20 years old [15,16].  The content of telomere DNA sequences (TC) in a DNA 

sample is titrated by hybridization on a slot blot with a telomere specific probe, and then 

normalized to the quantity of total genomic DNA in the same sample, thus controlling for the 

differences in DNA ploidy that are frequent in solid tumors. TC is particularly well-suited for use 

with DNA from archival tissues: TC is directly proportional to telomere length measured by 

Southern blot (r=0.904), can be measured with as little as 5 ng of genomic DNA, is insensitive to 

fragmentation of the DNA to less than 1KB in length, and can be measured successfully in DNA 

from FFPE tissues stored for up to 20 years at room temperature [15-18].  

 

Using this method, we have recently demonstrated that TC is associated with breast cancer-free 

survival interval (RH=4.43; 95% CI 1.44-13.64; p=0.009), controlling for age at diagnosis and 

TNM stage [17]. This study and other investigations [reviewed in ref. 13] provide strong 

evidence that TC predicts clinical outcome. However, our previous study had a retrospective 

design (which is more open to bias than the current prospective study), included a limited 

number (N=77) of specimens collected in the mid 1980’s and early 1990’s, and was not 

controlled for the effects of adjuvant treatments and other clinical and prognostic parameters. 

Therefore, it is unknown how TC would perform as a prognostic marker in a contemporary, 
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population-based cohort, in which most tumors are detected by screening at earlier stages and 

many women elect breast sparing surgery with adjuvant radiation, chemo- or hormonal therapies. 

 

In the current investigation, we addressed these questions by assessing the relationship between 

TC and both overall and breast cancer-free survival intervals in tumor specimens obtained from 

530 members of the New Mexico subset of the NCI/SEER Health, Eating, Activity and Lifestyle 

(HEAL) prospective, population-based cohort [19]. 
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MATERIALS AND METHODS  

Tissue Samples: Five hundred and thirty breast tumor specimens were collected as a part of the 

prospective, population-based Health, Eating, Activity and Lifestyle (HEAL) Study [19].  The 

HEAL multi-center study was designed to evaluate the association between body composition, 

hormones, diet, physical activity, and prognosis over time for non-Hispanic white, Hispanic, and 

African-American women ascertained through the Surveillance, Epidemiology, and End Results 

(SEER) registries [http://appliedresearch.cancer.gov/surveys/heal/].  The eligibility criteria for 

the New Mexico (NM) arm of the HEAL study included a first primary breast cancer diagnosis, 

ascertainment through the New Mexico Tumor Registry (NMTR), age 18 or more years, 

residence in one of five centrally located NM counties, and diagnosis between July 1, 1996 and 

March 31, 1999.  The TNM Stage of disease was based on the revised 2002 American Joint 

Committee on Cancer [20] stage groupings: 0 (in situ), I, IIA, IIB, and IIIA.  Lymph node status, 

tumor size, age, chemo-, adjuvant and hormonal therapies, and menopausal status were based on 

medical record abstraction. Lymph node status was based on whether nodes were examined and 

the number identified as positive or negative for cancer.  Ethnicity and family history were based 

on self-report at the time of interview.  Coded data, stripped of all personal identifiers (Table 1), 

were provided by the HEAL investigators (RNB and KBB) and the NMTR, as approved by the 

University of New Mexico Human Research Review Committee. The mean age and follow up of 

cohort members were 59.1 (Range: 29-89; SD: 12.5) and 6.7 (Range: 0.45-9.16; SD: 1.6) years, 

respectively. At the time of analysis, 83% of the cohort members were alive.  Additionally, 85% 

of the cohort members were free of disease, either at time of analysis or at time of their non-

breast cancer related death. 
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Histological Review: FFPE tissue sections were stained with hematoxylin and eosin and were 

examined microscopically. Tissue sections were not microdissected and typically contained from 

75-100% tumor cells.  

 

Determination of Telomere DNA Content (TC): DNA was extracted from four 10µm FFPE 

tissue sections, and TC was measured by slot blot titration assay, as previously described [17,18]. 

Briefly, DNA was isolated using the Qiagen DNeasy Tissue kit (Qiagen, Valencia, CA) and 

following the manufacturer’s protocol. DNA was quantitated fluorometrically with the dye, 

PicoGreen (Molecular BioProbes, Eugene, OR) [16], and known masses, typically 5-10 ng, were 

denatured at 56°C in 0.05 M NaOH/1.5 M NaCl, neutralized in 0.5 M Tris/1.5 M NaCl, and 

applied and UV cross-linked to Tropilon-Plus blotting membranes (Applied Biosystems, Foster 

City, CA). A telomere-specific oligonucleotide, end-labeled with fluorescein, (5’-TTAGGG-3’)4-

FAM, (IDT, Coralville, IA) was hybridized to the genomic DNA, and the membranes were 

washed to remove non-hybridizing oligonucleotides. Hybridized oligonucleotides were detected 

by using an alkaline phosphatase-conjugated anti-fluorescein antibody that produces light when 

incubated with the CDP
®

-Star substrate (Applied Biosystems, Foster City, CA). Blots were 

exposed to Hyperfilm
®

 for 5 min (Amersham Pharmacia Biotech, Buckinghamshire, UK) and 

digitized by scanning. The intensity of the telomere hybridization signal was measured from the 

digitized images using Nucleotech Gel Expert Software 4.0 (Nucleotech, San Mateo, CA).  TC is 

expressed as a percentage of the TC in a placental DNA standard measured in parallel. Each 

measurement was repeated independently three times and the coefficient of variation for each 

sample was less than 10%. 
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Immunohistochemistry (IHC): IHC was performed on FFPE breast tumor sections to 

determine hormone receptor, p53 and HER2/neu status.  Hormone receptor assays were 

conducted in laboratories associated with the hospitals where cases were diagnosed.  p53 protein 

expression was evaluated using the anti-p53 monoclonal antibody, DO-7 (Santa Cruz 

Biotechnology, Santa Cruz, CA), which recognizes both the mutated and wild-type protein [21].  

p53 tumor suppressor gene mutations occur in 20–50% of breast carcinomas [22], and have been 

reported to be associated with poor prognosis [23].  Mutations in p53 are predominantly mis-

sense and lead to conformational alterations of the protein and accumulation in tumor cell nuclei.  

Consequently, immunohistochemical staining methods can be utilized for the detection of p53 

protein as a simple substitute for mutational analyses [24-27]. HER2/neu protein expression was 

evaluated using the anti–HER2/neu monoclonal antibody, CB11 (Santa Cruz Biotechnology, 

Santa Cruz, CA). 

 

Statistical Methods:  The distribution of risk factors in the high and low TC groups (Table 1)  

was evaluated by the Fischer’s Exact Test. Missing data for each risk factor was evaluated 

categorically in the analysis, but these data were not reported. The associations between TC and 

both overall survival interval and breast cancer-free survival interval were evaluated using log-

rank Kaplan-Meier survival analyses. Multivariate Cox proportional hazards analysis was used to 

compute the relative hazards for breast cancer-related adverse events (i.e. death due to breast 

cancer, breast cancer recurrence, or new primary breast tumor).  Covariate-adjusted estimates of 

the survival function by level of TC (≤ 200% vs. > 200%) are the baseline survival estimates 

from a stratified proportional hazards model and were computed at the mean level of the 
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covariates. Subjects were censored at the time lost to follow-up.  P-values less than 0.05 were 

considered significant for all tests.  
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RESULTS 

Telomere Contents Predict Overall Survival: To confirm prior associations observed between 

TC and overall survival interval, the cohort was initially divided into sixths, the survival interval 

for each group was calculated, and the results were evaluated for statistical significance by log-

rank analysis. Groups with statistically indistinguishable survival intervals were combined and 

the process was repeated until only groups with significantly different survival intervals 

remained. Using this process, the cohort was stratified into two TC groups: low TC was defined 

as ≤ 200% in the placental DNA control (N=444), and high TC was defined as > 200% of TC in 

the placental DNA control (N=86), respectively.  Log-rank analysis showed a significant 

relationship between TC group and overall survival interval (p=0.025), with low TC predicting a 

shorter survival interval. The results are plotted by the method of Kaplan and Meier and shown 

in Figure 1A. A univariate Cox proportional hazards model showed low TC had an unadjusted 

relative hazard of 2.25 (95% CI=1.09-4.64; p=0.029) relative to high TC (not shown).  The 

relationship between TC group and overall survival interval in the subset of invasive tumors (i.e. 

without the 97 DCIS cases), was also evaluated.  In this subset, log-rank analysis also showed a 

significant relationship between TC group and overall survival interval (p=0.046).  The results 

are plotted by the method of Kaplan and Meier and shown in Figure 1B. A univariate Cox 

proportional hazards model showed low TC had an unadjusted relative hazard of 2.06 (95% 

CI=1.00-4.26; p=0.05) relative to high TC (not shown). 

 

Telomere Contents Predict Breast Cancer-free Survival:  Next, we refined our criteria to 

evaluate the prognostic value of TC in predicting breast cancer-related, adverse event-free 

survival interval. An adverse event was defined as death due to breast cancer, breast cancer 
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recurrence or development of a new primary breast tumor. Seventy-nine breast cancer-related 

adverse events had occurred by the time of the analysis, including 46 deaths, 15 recurrences and 

18 new primary breast tumors. A Kaplan-Meier plot and log-rank test (Figure 2A) demonstrated 

significant differences in the groups’ survival intervals (p=0.009), with low TC again predicting 

a shorter survival interval. A univariate Cox proportional hazards model showed low TC had an 

unadjusted relative hazard of 3.14 (95% CI=1.27-7.76; p=0.013) relative to high TC (Table 1). 

The relationship between TC group and breast cancer-free survival in the subset of invasive 

tumors was also evaluated.  In this subset, log-rank analysis also showed a significant 

relationship between TC group and breast cancer-free survival interval (p=0.032).  The results 

are plotted by the method of Kaplan and Meier and shown in Figure 2B. A univariate Cox 

proportional hazards model showed low TC had an unadjusted relative hazard of 2.61 (95% 

CI=1.05-6.48; p=0.039) relative to high TC (not shown).  Similar, although not statistically 

significant, results were shown in the subset of DCIS cases (not shown).  

 

Telomere Content is an Independent Predictor of Breast Cancer-free Survival: The relative 

hazards for breast cancer-related adverse events associated with twelve categorical risk factors 

were evaluated individually by Cox proportional hazards analysis (Table 1). Ethnicity, TNM 

stage, ER, PR and p53 status, chemotherapy sequence, adjuvant therapy, and TC each conferred 

significant (p<0.05) relative hazards. There was no significant hazard associated with age at 

diagnosis, family history of breast cancer, HER2/neu or post menopausal status or hormonal 

therapy.  Analysis using Fisher’s Exact Test showed no significant difference in the distribution 

of any of the risk factors in the low and high TC groups (Table 1). 
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Multivariate Cox proportional hazards models were developed using TC and other covariates 

either alone or in combination. The best overall model (Table 2) included TC, p53 and ER status, 

and TNM stage (p<0.00005). Relative to the high TC group, low TC conferred an adjusted 

relative hazard of 2.95 (95% CI=1.19-7.32; p=0.020).  The chemotherapy, adjuvant therapy and 

hormonal therapy covariates were strongly associated with TNM Stage and each other 

(p<0.0001). Therefore, additional multivariate Cox proportional hazards models were developed 

using TC and chemotherapy, adjuvant therapy and hormonal therapy as covariates, either alone 

or in combinations. The best overall models included TC and either chemotherapy or adjuvant 

therapy (p=0.002); the addition of the hormonal therapy covariate had no effect. In the second 

model, low TC conferred an adjusted relative hazard of 2.84 (95% CI=1.14-7.05; p=0.025), 

relative to the high TC group (not shown). 
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DISCUSSION 

Telomere DNA content (TC) is a convenient proxy for telomere length that is particularly well-

suited for the analysis of samples where DNA is degraded or scant, such as sections from 

archival, FFPE tissues [15,16]. We used this method to determine TC values in tumor tissue 

collected in a prospective, population-based cohort comprised of 530 women, and evaluated the 

associations of TC with clinical parameters and endpoints, including overall and breast cancer-

free survival intervals.  

 

The principal conclusion from this investigation is that TC predicts both overall survival interval 

and breast cancer-free survival interval, independent of twelve clinical factors, prognostic 

markers and adjuvant therapies. Tumors with TC ≤ 200% of placental DNA standard conferred 

an adjusted hazard for breast cancer recurrence of 2.95 (95% CI 1.19-7.32; p=0.020). These 

results, obtained from a large population-based cohort, are in accord with our recent study [17] 

of breast tumors (predominantly TNM stage IIA and above) that also demonstrated highly 

significant associations between TC and overall 5-year survival (p<0.0001) and breast cancer-

free survival interval (RH=4.43; 95% CI 1.44-13.64; p=0.009). Likewise, our previous 

investigation of prostate cancer [18] revealed that TC was also associated with time to prostate 

cancer recurrence (RH=5.02; 95% CI 1.40-17.96; p=0.013), controlling for age at diagnosis, 

Gleason sum, and pelvic node involvement. Similar results were obtained when analyses were 

performed using the subset of invasive tumors and a similar trend was observed in the subset of 

DCIS cases.  These data suggest that TC may be able to predict clinical outcome in both invasive 

tumors and DCIS cases.  As discussed above, adjuvant poly-chemotherapy in node-negative 

patients aged < 50 improves 10 year survival from 71% to 78% (a 24% increase, i.e. 7/29%), 
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while in patients aged 50-70, adjuvant therapy improves 10 year survival from 67% to only 69% 

(a 6% increase, i.e. 2/33%). A TC threshold of >200% of the standard defines a subgroup 

comprising approximately 17% of  the population based cohort that have a significantly reduced 

risk of disease recurrence (7% at 8 years) that would be potential candidates for less aggressive 

adjuvant therapy. However, subsequent experiments in larger cohorts are needed to extend these 

findings. 

 

The point estimate of the relative hazard for breast cancer recurrence associated with “low” TC 

was lower than in our prior investigation (2.95 vs. 4.43), although the confidence intervals 

overlap.  One possibility is that the discrepancy in the point estimates reflects the difference in 

the length of follow-up in the two studies. The mean, maximum and interquartile range for 

follow-up in the HEAL cohort were 6.7, 9.2 and 1.5 years, respectively, versus 9.1, 23 and 11.2 

years, respectively, in the prior study [17].  The ongoing follow-up of the HEAL cohort will 

resolve this question.  It is also important to consider that HEAL is a prospective study in which 

FFPE tissue samples were collected for participants at multiple independent sites at the time of 

diagnosis before the start of follow-up, rather than a retrospective study of archival tissues from a 

single facility, which is more open to inadvertent selection bias.  

 

Another important difference between these two studies is the TC threshold used to discriminate 

women at risk for breast cancer recurrence, > 123% and > 200% in the prior and present studies, 

respectively. This difference may also reflect the differences in the lengths of follow-up, in 

which case we would expect that the threshold will decrease as more deaths and adverse effects 

occur. Alternatively, the discrepancies in threshold, as well as the point estimates for the relative 
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hazard ratios, could reflect either the larger number of specimens (530 vs. 77), or the larger 

fraction of localized tumors (Stage 0 and I) in the HEAL cohort and prior cohort (67% vs. 14%).  

 

Here, using the HEAL cohort, we have shown that TC predicts breast cancer-free survival 

interval, independent of other risk factors. It is important to note that these other established risk 

factors such as ethnicity, TNM Stage, ER, PR and p53 status, and chemo- and adjuvant therapy 

also conferred significant univariate relative hazards for breast cancer-related adverse events, 

confirming a representative population cohort.  However, this population was not selected for TC 

(or any other biomarker) analysis, and thus represents an unbiased assessment of TC as a 

prognostic factor.  Additionally, it must be noted that the cut-off established in this study,  

>200% of the placental DNA standard, exceeds the 95% CI for TC in several normal tissues (75-

143% of standard), including breast [17]. Speculatively, these longer telomeres may result from 

the early up-regulation of telomerase during tumor progression.   

 

In summary, TC in tissues from breast tumors is an independent predictor of overall and breast 

cancer-free survival intervals.  In the future, TC in combination with extant prognostic markers 

could provide women and their physician’s new information to guide therapeutic decisions. 

However, the assay in its current format, due to the relatively complex experimental procedure, 

is more suitable for use in a research rather than clinical setting.  Therefore, development of a 

platform for TC determination that is simple and readily adaptable to a clinical laboratory is 

necessary before these findings can be validated in independent laboratories with independent 

cohorts. 
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FIGURE LEGENDS 

 

Figure 1. Overall Survival Interval by Telomere DNA Content in Breast Tumors. The set of 

all tumors (A) or invasive tumors only (B) was divided into two groups based on the low and 

high TC cutoff (200% of standard). Overall survival interval, in years, is shown on the x-axis and 

the surviving fraction is shown on the y-axis. Subjects were censored at the time lost to follow-

up.  The log-rank test was used to test the significance (p) of the differences in the group’s 

survival intervals. N represents the number of subjects in each group.  

 

Figure 2. Breast Cancer-free Survival Interval by Telomere DNA Content in Breast 

Tumors. The set of all tumors (A) or invasive tumors only (B) was divided into two groups 

based on the low and high TC cutoff (200% of standard). Breast cancer-free survival interval, in 

years, is shown on the x-axis and the recurrence-free fraction is shown on the y-axis. See Figure 

1 for additional details.
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Table 1. Relative hazards of risk factors for breast cancer-related adverse events in the HEAL patient cohort by TC level. 

 

Characteristic N % of all patients 

(N=530) 

RH (95% CI) p N % of high TC  

(N=86) 

N % of low TC 

(N=444) 

Ethnicity         

     NHW 408 77 1.0  69 80 338 76 

     Hispanic 122 23 1.78 (1.11-2.84) 0.017 17 20 106 24 

TNM Stage         

     0 (in situ) 97 18 1.0  17 20 80 18 

     I 259 49 0.92 (0.46-1.86) 0.820 43 50 216 49 

     IIA 115 22 1.87 (0.91-3.85) 0.087 19 22 96 22 

     IIB 41 8 3.73 (1.71-8.13) 0.001 5 6 36 8 

     IIIA 5 1 1.94 (0.25-15.02) 0.527 0 0 5 1 

ER Status         

    Positive 444 84 1.0  71 83 373 84 

    Negative 82 15 2.62 (1.62-4.24) 0.0001 15 17 67 15 

PR Status         

    Positive 359 68 1.0  62 72 297 69 

    Negative 168 32 2.04 (1.31-3.18) 0.002 23 28 144 32 

p53 Status         

    Negative 262 49 1.0  44 51 218 49 

    Focal 151 28 0.99 (0.56-1.73) 0.966 19 22 132 30 

    Low 28 5 1.04 (0.37-2.94) 0.938 8 9 20 5 

    High 71 13 2.48 (1.44-4.27) 0.001 12 14 59 13 

Age @ Dx         

      <  55 232 44 1.0  43 50 189 43 

       > 55 298 56 0.76 (0.49-1.18) 0.220 43 50 254 57 

Family History          

    None 244 46 1.0  41 48 203 46 

    1
0
 Relative 128 24 0.87 (0.49-1.54) 0.627 20 23 108 24 

    2
0
 Relative 108 20 1.05 (0.59-1.86) 0.873 17 20 91 20 

HER2/neu Status         

    Negative 300 57 1.0  49 57 251 57 

    Focal 111 21 0.95 (0.54-1.67) 0.845 16 19 95 21 

    Low 63 12 0.81 (0.38-1.71) 0.576 10 13 53 12 

    High 50 9 1.19 (0.58-2.44) 0.629 9 10 41 9 

Chemotherapy         

    None 406 77 1.0  71 83 335 75 

    After Surgery 118 22 1.91 (1.20-3.05) 0.007 15 17 103 23 
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Adjuvant Therapy         

    None 178 33 1.0  26 30 152 34 

    Radiation 220 42 1.11 (0.63-1.98) 0.713 44 51 176 40 

    Chemo 30 6 3.25 (1.52-6.95) 0.002 1 1 29 7 

    Both 102 19 1.83 (0.99-3.38) 0.052 15 17 87 20 

Tamoxifen         

    Yes 250 47 1.0  45 52 205 46 

    No 280 53 0.71 ( 0.45- 1.12) 0.143 41 48 239 54 

Post Menopausal         

    No 156 29 1.0  25 29 131 30 

    Yes 358 68 0.79 (0.49-1.26) 0.323 59 69 299 67 

TC         

    > 200% 86 16 1.0  86 100 0 0 

    ≤ 200% 444 84 3.14 (1.27-7.76) 0.013 0 0 444 100 

 

TNM stage was assigned using the 2002 revised criteria [20]. Ethnicity and family history were based on self-report. Abbreviations: 

TC: Telomere DNA content, N: Number of specimens, ER: Estrogen Receptor, PR: Progesterone Receptor, NHW: Non-Hispanic 

White.  See Materials and Methods Section for additional details. 
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Table 2.  Relative hazards and 95% confidence intervals from a multivariate Cox proportional hazards model of breast 

cancer-free survival interval from date of diagnosis of breast cancer. 

Variable N Level RH (95% CI) p value 

TC     
 86 > 200% 1.00  

 444 ≤ 200% 2.95 (1.19-7.32) 0.020 

p53     

 262 None 1.00  

 151 Focal 1.01 (0.57-1.79) 0.977 

 28 Low 1.27 (0.45-3.62) 0.652 

 71 High 2.02 (1.11-3.67) 0.021 

ER     

 444 Positive 1.00  

 82 Negative 1.67 (0.94-2.95) 0.079 

TNM     

 97 0 (DCIS) 1.00  

 259 I 1.03 (0.50-2.13) 0.943 

 115 IIA 1.65 (0.77-3.52) 0.197 

 41 IIB 3.84 (1.70-8.65) 0.001 

 5 IIIA 1.51 (0.19-11.87) 0.695 

 

Multivariate Cox proportional hazards models of survival from date of diagnosis of breast cancer for breast cancer-free survival 

intervals were used to derive the adjusted relative hazards (RH) associated with each variable. Adjusted RH values were developed 

using p53 status (none, focal, low, high), TNM Stage (0 (DCIS), I, IIA, IIB, IIA), estrogen receptor (ER) status (present/absent), and 

TC group (≤ 200% / > 200%) as independent predictors of survival. The 95% confidence intervals for each RH are shown in 

parenthesis. Abbreviations: TC: Telomere DNA content, RH: Relative hazard, CI: Confidence Interval. See Materials and Methods 

Section for additional details.   
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Abstract 

Genomic instability can generate chromosome breakage and fusion randomly throughout 

the genome, frequently resulting in allelic imbalance, a deviation from the normal 1:1 

ratio of maternal and paternal alleles.  Allelic imbalance reflects the karyotypic 

complexity of the cancer genome.  Thus, it is reasonable to speculate that tissues with 

more sites of allelic imbalance have a greater likelihood of having disruption of any of 

the numerous critical genes that cause a cancerous phenotype, and thus may have 

diagnostic or prognostic significance.  For this reason, it is desirable to develop a robust 

method to assess the frequency of allelic imbalance in any tissue.  To address this need, 

we designed an economical and high-throughput method, based on the Applied 

Biosystems AmpFℓSTR® Identifiler multiplex PCR system, to evaluate allelic imbalance 

at 16 unlinked, microsatellite loci located throughout the genome. This method provides a 

quantitative comparison of the extent of allelic imbalance between samples that can be 

applied to a variety of frozen and archival tissues.  The method does not require matched 

normal tissue, requires little DNA (the equivalent of approximately 150 cells) and uses 

commercially available reagents, instrumentation and analysis software. Greater than 

99% of tissue specimens with ≥ 2 unbalanced loci were cancerous. 
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Introduction 

It is widely accepted that genomic instability- the duplication, loss or structural 

rearrangement of a critical gene(s) - occurs in virtually all cancers1, and in some instances 

has diagnostic, prognostic or predictive significance.  Thus, it is not surprising that tumor 

progression is reflected by allelic losses or gains in genes that regulate aspects of cell 

proliferation, apoptosis, angiogenesis, invasion and, ultimately, metastasis.2,3 

 

There are several technologies available to detect chromosomal copy number changes in 

tumor cells.  For example, chromosome painting techniques can identify chromosomal 

copy number changes in cytological preparations.4,5  Segmental genomic alterations can 

be identified by comparative genomic hybridization (CGH).  CGH identifies copy 

number changes by detecting DNA sequence copy variations throughout the entire 

genome and mapping them onto a cytogenetic map supplied by metaphase 

chromosomes.6  Alternatively, array CGH maps copy number aberrations relative to the 

genome sequence by using arrays of BAC or cDNA clones as the hybridization target 

instead of the metaphase chromosomes.7-11  However, these methods cannot identify all 

cases of allelic imbalance (AI), which is a deviation from the normal 1:1 ratio of maternal 

and paternal alleles, for instance in cases with uniparental disomy.  Additionally, these 

methods are poorly suited for high-throughput applications and analysis is limited to a 

relatively small cellular field, thus increasing potential sampling error.  

 

Single nucleotide polymorphism (SNP) arrays can be used for high-resolution genome-

wide genotyping and loss of heterozygousity (LOH) detection.12-14 For example, the 
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development of a panel of 52 microsatellite markers that detects genomic patterns of 

LOH 15-17 has been utilized for breast cancer diagnosis and prognosis. However, this 

approach requires matched referent (normal) DNA, typically blood or buccal samples, 

and these cancer-type specific panels may not be informative for other cancers, thus 

limiting their applicability across multiple tumor types. Larger panels of SNPs may be 

used for genome-wide analysis, for example the Affymetrix 10K and 100K SNP mapping 

arrays.18-19 Likewise, Illumina BeadArrays with a SNP linkage-mapping panel,20 allow 

allelic discrimination directly on short genomic segments surrounding the SNPs of 

interest, thus overcoming the need for high-quality DNA.14 Lips and colleagues have 

shown that Illumina BeadArrays can be used to obtain reliable genotyping and genome-

wide LOH profiles from formalin-fixed, paraffin-embedded (FFPE) normal and tumor 

tissues.21  However, all these approaches, while robust, require costly reagents, 

specialized equipment, and the sheer amount of data produced from these analyses 

complicate the interpretation of results.  

 

For these reasons, and as outlined by Davies et al.,22 it is desirable to develop a general, 

economical, and high-throughput method to assess the frequency of AI in any tissue, 

independent of the nature and composition of the specimen and the availability of 

matched, normal tissue.  To address this need, we developed a method to measure the 

ratio of maternal and paternal alleles at 16 unlinked, microsatellite short tandem repeat 

(STR) loci in a single multiplexed PCR reaction. The assay, which is based on the 

Applied Biosystems AmpFℓSTR® Identifiler system, can be performed with only 1 ng of 

genomic DNA, uses commercially available primers and reagents, and common 
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instrumentation and analysis software.  Thus, it is an attractive alternative to current 

methods and is readily adaptable to most clinical laboratory environments.   

 

Materials and Methods 

Tissue Acquisition:  All tissues were provided by the University of New Mexico Solid 

Tumor Facility, unless otherwise specified.  Buccal cells were collected from oral rinses 

of volunteers.  The Cooperative Human Tissue Network (Western Division, Nashville, 

TN) provided frozen normal and tumor renal tissues, obtained by radical nephrectomy, 

frozen normal breast tissues, obtained by reduction mammoplasty, and normal frozen 

prostate tissues, obtained through autopsy.  A set of FFPE prostate tumors, obtained by 

radical prostatectomy, were provided by the Cooperative Prostate Cancer Tissue 

Resource (http://www.cpctr.cancer.gov).  Duodenal FFPE tumor tissues were obtained 

from the Mayo Clinic (Rochester, MN).  Pancreatic FFPE normal and tumor tissues were 

obtained from the Department of Pathology at the University of New Mexico.  Frozen 

endometrial tumor tissues were obtained through the Gynecologic Oncology Group 

(Philadelphia, PA). All specimens lacked patient identifiers and were obtained in 

accordance with all federal guidelines, as approved by the UNM Human Research 

Review Committee.  

 

DNA Isolation and Quantification: DNA was isolated from all tissue samples using the 

DNeasy® silica-based spin column extraction kit (Qiagen; Valencia, CA) and the 

manufacturer’s suggested animal tissue protocol.  FFPE samples were treated with xylene 

and washed with ethanol prior to DNA extraction.  DNA concentrations were measured 
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using the Picogreen® dsDNA quantitation assay (Molecular Probes, Eugene, OR) using a 

λ phage DNA as the standard as directed by the manufacturer’s protocol.   

 

Multiplex PCR Amplification of STR Loci: The AmpFℓSTR® Identifiler kit (Applied 

Biosystems, Foster City, CA) was used to amplify genomic DNA at 16 different short 

tandem repeat (STR) microsatellite loci (Amelogenin, CSF1PO, D2S1338, D3S1358, 

D5S818, D7S820, D8S1179, D13S317, D16S539, D18S51, D19S433, D21S11, FGA, 

TH01, TPOX and vWA) in a single multiplexed PCR reaction, according to the 

supplier’s protocol. Linear amplification of allelic PCR products is a prerequisite for 

ratiometric determination of AI. Therefore, each PCR reaction was limited to 28 cycles, 

as determined in preliminary studies. The 16 primer sets are designed and labeled with 

either 6-FAM, PET, VIC or NED to permit the discrimination of all amplicons in a single 

electrophoretic separation. The PCR products were resolved by capillary electrophoresis 

using an ABI Prism® 377 DNA Sequencer (Applied Biosystems, Foster City, CA). 

Fluorescent peak heights were quantified using ABI Prism GeneScan® Analysis software 

(Applied Biosystems, Foster City, CA).  Allelic ratios were calculated using the peak 

height, rather than the peak area, as suggested in previous studies.23-25 For simplicity, the 

allele with the greater fluorescence was always made the numerator, as to always 

generate a ratio ≥ 1.0.  

 

Statistical Analysis: A Pearson Chi-square test was performed using SAS JMP® 

software version 9.1 (SAS Institute Inc., Cary, NC) to examine the relationship between 

the extent of AI and tissue type, using a significance level of 0.05. 
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Results 

The 16 allelic microsatellite loci amplified by the AmpFℓSTR® Identifiler primer sets are 

unlinked, and can be used to assess AI simultaneously at multiple heterozygous sites 

throughout the genome. This is technically possible because each amplicon is labeled 

with one of four fluorescent dyes (6-FAM, PET, VIC and NED), each with a unique 

emission profile, thus allowing the resolution of amplicons of similar size. Figure 1 

shows the sizes of VIC-labeled amplicons derived from a representative specimen of 

matched normal and tumor renal tissue (the fluorescent channels showing the PET, 6-

FAM, and NED-labeled products are not shown).  Within Figure 1A, illustrating the 

results from the normal tissue specimen, two of the allelic pairs are homozygous 

(D13S317, D16S539), as indicated by a single peak, and three of the allelic pairs are 

heterozygous (D3S1358, TH01, D2S1338), as indicated by two peaks. Although the peak 

heights varied between different loci, ostensibly due to different PCR efficiencies, the 

peak heights of the paired alleles were similar. Theoretically, the ratio of any two 

heterozygous alleles is 1.0 in normal tissues. However, differences in PCR efficiency 

between different length alleles and random experimental variation resulting from 

instruments, reagents and personnel may affect the observed ratio of heterozygous alleles.  

To assess these sources of potential variation, the ratios of paired alleles’ signal 

intensities were compared at 320 heterozygous loci in buccal cells from 27 healthy 

individuals. Across all loci, the mean ratio was near 1.0 (mean =1.15, SD 0.18). We 

expect that approximately 97.5% of all allelic ratios in normal tissues would fall within 

2.5 SD of the mean, and therefore operationally defined an allelic ratio of >1.60 (mean + 

2.5 SD) as a site of AI. Applying this threshold to the 27 analyzed buccal samples, only 8 
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sites of AI were detected out of the 320 heterozygous loci, thus representing a mean of 

0.30 unbalanced loci per sample.  Figure 1B illustrates the results of the tumor tissue 

matched to the normal sample in Figure 1A.  Within this sample, two of the three 

heterozygous loci in the renal tumor tissue amplified by the VIC-labeled primer sets have 

peak height ratios of >1.60, identifying them as sites of AI. 

 

To determine whether AI determinations were reproducible, the assay was repeated 

within a random subset of the buccal samples. The mean absolute variation of the allelic 

ratios for the repeated samples was 10% and 193 of the 198 (97.5%) loci measured were 

correctly categorized upon repeating the experiment; whereas, only 5 of the 198 (2.5%) 

loci initially designated as sites of AI could not be confirmed (Figure 2A).  Two loci 

changed from sites without AI (≤ 1.60) to sites of AI (> 1.60) and three loci changed 

from sites of AI to sites without AI. 

 

We next confirmed that the differences in AI detected by this approach reflected true 

differences in the ratio of the alleles, and not experimental artifact (e.g. differential PCR 

amplification efficiency), we constructed defined mixtures of DNAs from the paired 

normal and tumor tissue shown in Figure 1. As shown in Figure 2B for the D3S1358 

locus, there was a linear relationship (R2=0.965) between the ratio of alleles measured in 

the assay and the composition of the mixture. Similar results were obtained for each of 

the other loci exhibiting a site of AI (TH01: R2=0.973; VWA: R2=0.981; D18S541: 

R2=0.953).  In contrast, the composition of the mixture had no effect on the allelic ratios 

of loci not exhibiting AI (data not shown).  
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The operationally-defined threshold for AI was validated by measuring the allelic ratios 

for 1382 heterozygous loci in an independent test set comprised of 118 normal samples 

consisting of bone (n=2), breast (n=10), buccal (n=53), lymph node (n=5), peripheral 

blood lymphocytes (PBL) (n=18), pancreas (n=6), placenta (n=3), prostate (n=4), renal 

(n=16) and tonsil (n=1) tissues (Figure 3A).  In this sample set of normal tissues, only 32 

of 1382 heterozygous loci were designated sites of AI, thus representing a mean of 0.27 

unbalanced loci per sample, comparable to the 0.30 unbalanced loci per sample in the 

original normal sample set. In summary, 88 (74.6%), 29 (24.6%), and 1 (0.8%) of the 118 

normal tissues specimens contained 0, 1 and 2 loci with AI, respectively.   

 

It is well established that cancerous tissues have more sites of AI than normal tissues.  To 

validate our assay in this context, we next measured the frequency of AI in 2792 

heterozygous loci in a set of 239 frozen or FFPE tumor samples consisting of AML 

(n=8), breast (n=39), CML (n=3), duodenal (n=23), endometrial (n=78), pancreas (n=6), 

prostate (n=47), and renal (n=35) tissues.  As shown in Figure 3B, 37 (15.5%), 41 

(17.2%), and 161 (67.4%) of the 239 tumor tissues specimens contained 0, 1 and ≥ 2 loci 

with AI, respectively.  In contrast to the normal tissues, 611 sites of AI were detected, 

thus representing a mean of 2.56 unbalanced loci per sample, nearly 10 times greater than 

the frequency in the normal tissues (p < 0.0001).  In summary, 162 of 357 tissue 

specimens had ≥ 2 unbalanced loci, of which >99% were cancerous. 
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Discussion 

The frequency of AI reflects the karyotypic complexity of the cancer genome and such 

manifestations are widespread in solid tumors.1 There have been numerous studies of 

these abnormalities and several techniques, including chromosome painting, array CGH 

and SNP arrays, have emerged to analyze these differences between normal and tumor 

tissues.4-21 However, these methods are typically costly, time intensive, and need a 

matched referent (normal) DNA sample for analysis.  For this reason, it is desirable to 

develop general, economical, high-throughput methods to quantify the extent of AI in the 

genome of any tissue, independent of the nature and composition of the specimen and the 

availability of matched, normal tissue. 

 

Using our newly developed assay and interpretation scheme to assess the frequency of AI 

in human tissues, we have shown in a set of 239 samples that 67% of the tumors 

contained two or more sites of AI, as compared to 0.8% of the normal samples, which 

represents an almost 84 fold difference. It must be noted that tissue heterogeneity, such as 

a proponderance of normal cells within the tumor, may quench peak-height ratios below 

the 1.60 threshold, thus obscuring allelic imbalance in a particular sample. Additionally, 

the assay cannot discriminate between homozygous alleles and complete loss of 

heterozygosity in the absence of matched normal tissue. However, the latter limitation is 

mitigated by the near ubiquitous presence of normal tissue within tumors which allows 

for the assessment of AI in samples without requiring analysis of matched normal tissue.  

This is an important consideration in the potential evaluation of biopsy tissue, which may 
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contain multiple clones of genetically altered cells superimposed on a background of 

normal stromal and epithelial cells and obtaining matched normal tissue may be difficult.   

 

Altered gene expression resulting from genomic instability is a cause of cancer 

progression; therefore, cancerous tissues have more sites of AI than normal tissues. 

Consistent with this observation, >99% of tissues with ≥2 sites of AI were cancerous.  

We are currently investigating the possibility that the number of sites of AI in cancer 

tissue is a reflection of its stage of progression, and therefore may be correlated with 

clinical parameters or prognosis.  

 

Existing alternative methods identify AI as a difference in the allelic ratios in the sample 

of interest (e.g. tumor) relative to the allelic ratios in a patient-matched referent DNA. 

These methods allow for the distinction between complete LOH and a constitutive 

homozygous allele and are able to control for PCR efficiency differences of alleles of 

dissimilar length.  In contrast, the present method identifies AI as a deviation from a 1:1 

ratio between alleles within the sample of interest only.  Thus, the assay described herein 

can be performed on specimens for which a reliable referent sample is not available. 

Additionally, we have determined that the mean absolute variation of the allelic ratios for 

all microsatellite loci in our panel is approximately 15% in normal tissues. This variation 

represents the combined effects of (i) random experimental error resulting from 

instruments, reagents and personnel, (ii) copy-number polymorphisms, and (iii) inherent 

differences in the PCR efficiencies of microsatellite alleles of dissimilar lengths. Based 

on replicate experiments of the same sample (Figure 2A), we have determined that 
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random experimental variation resulting from instruments, reagents and personnel 

accounts for approximately 10% of the overall variation. Therefore, variation resulting 

from differences in PCR efficiencies is approximately 5%. Although the latter variation is 

excluded by comparison to a referent DNA, the requirement for two determinations 

(sample of interest and referent), each with an average variation of at least 10%, 

minimizes the benefit gained by controlling for PCR efficiency. 

 

In conclusion, we describe here a simple method for assessing the extent of AI 

throughout the genome. This method has a number of significant advantages over 

existing technologies, such as chromosome painting, array CGH and SNP arrays, and as a 

molecular based assay may be utilized clinically in conjunction with histological 

techniques.  The advantages of this method are that: (i) it is robust, reproducible and 

provides a quantitative basis for comparing the extent of AI between samples; (ii) it does 

not require matched normal tissue; (iii) it utilizes commercially available reagents, 

instrumentation and analysis software; (iv) it can be applied to a variety of fresh, frozen 

and archival tissues; (v) it requires very little DNA (the equivalent of approximately 150 

cells); and (vi) >99% of tissues with ≥2 sites of AI were cancerous. 

 

Acknowledgements 

We thank Terry Mulcahy and Phillip Enriquez III from DNA Research Services of the 

University of New Mexico Health Sciences Center for gel capillary analysis and Dr. 

Artemis Chakerian from the University of New Mexico Experimental Pathology 

Laboratory for tissue sectioning.  



 13

References 

1. Lengauer C,  Kinzler KW, Vogelstein B: Genetic instabilities in human cancers. 

Nature 1998, 396:643-649 

2. Payne SR, Kemp CJ: Tumor suppressor genetics. Carcinogenesis 2005, 6:2031-

2045  

3. Hanahan D, Weinberg RA: The hallmarks of cancer. Cell 2000, 100:57-70 

4. Mundle SD, Sokolova I: Clinical implications of advanced molecular cytogenetics 

in cancer. Expert Rev Mol Diagn 2004, 4:71-81 

5. Gray JW, Collins C: Genome changes and gene expression in human solid 

tumors. Carcinogenesis 2000, 21:443-452 

6. Kallioniemi A, Kallionemi OP, Sudar D, Rutovitz D, Gray JW, Waldman F, 

Pinkel D: Comparative genomic hybridization for molecular cytogenic analysis of 

solid tumors. Science 1992, 258:818-821 

7. Solinas-Toldo S, Lampel S, Stilgenbauer S, Nickolenko J, Benner A, Dohner H, 

Cremer T, Lichter P: Matrix-based comparative genomic hybridization: biochips 

to screen for genomic imbalances. Genes Chromosomes Cancer 1997, 20:399-407 

8. Pinkel D, Segraves R, Sudar D, Clark S, Poole I, Kowbel D, Collins C, Kuo W.L., 

Chen C, Zhai Y, Dairkee SH, Ljung B.M., Gray JW, Albertson DG: Quantitative 

high resolution analysis of DNA copy number variation in breast cancer using 

comparative genomic hybridization to DNA microarrays. Nat Genet 1998, 

20:207-211 



 14

9. Pollack JR, Perou CM, Alizadeh AA, Eisen MB, Pergamenschikov A, Williams 

CF, Jeffrey SS, Botstein D, Brown PO: Genome-wide analysis of DNA copy-

number changes using cDNA microarrays. Nat Genet 1999, 23:41-46  

10. Snijders AM, Nowak N, Segraves R, Blackwood S, Brown N, Conroy J, Hamilton 

G, Hindle AK, Huey B, Kimura K, Law S, Myambo K, Palmer J, Ylstra B, Yue 

JP, Gray JW, Jain AN, Pinkel D, Albertson DG: Assembly of microarrays for 

genome-wide measurement of DNA copy number. Nat Genet 2001, 29:263-264 

11. Albertson DG: Profiling breast cancer by array CGH. Breast Cancer Res Treat 

2003, 78:289-298  

12. Rauch A, Ruschendorf F, Huang J, Trautmann U, Becker C, Thiel C, Jones KW, 

Reis A, Nurnberg P: Molecular karyotyping using an SNP array for genomewide 

genotyping. J Med Genet 2004, 41:916–922  

13. Zhao X, Li C, Paez JG, Chin K, Janne PA, Chen TH, Girard L, Minna J, 

Christiani D, Leo C, Gray JW, Sellers WR, Meyerson M: An integrated view of 

copy number and allelic alterations in the cancer genome using single nucleotide 

polymorphism arrays. Cancer Res 2004, 64:3060–3071 

14. Fan JB, Oliphant A, Shen R, Kermani BG, Garcia F, Gunderson KL, Hansen M, 

Steemers F, Butler SL, Deloukas P, Galver L, Hunt S, McBride C, Bibikova M, 

Rubano T, Chen J, Wickham E, Doucet D, Chang W, Campbell D, Zhang B, 

Kruglyak S, Bentley D, Haas J, Rigault P, Zhou L, Stuelpnagel J, Chee MS: 

Highly parallel SNP genotyping. Cold Spring Harb Symp Quant Biol 2003, 

68:69-78 



 15

15. Ellsworth RE, Ellsworth DL, Lubert SM, Hooke J, Somiari RI, Shriver CD: High-

throughput loss of heterozygosity mapping in 26 commonly deleted regions in 

breast cancer. Cancer Epidemiol Biomarkers Prev 2003, 129:915-919 

16. Ellsworth DL, Ellsworth RE, Love B, Deyarmin B, Lubert SM, Mittal V, Hooke 

JA, Shriver CD: Outer breast quadrants demonstrate increased levels of genomic 

instability. Ann Surg Oncol 2004, 11:861-868  

17. Ellsworth RE, Ellsworth DL, Deyarmin B, Hoffman LR, Love B, Hooke JA, 

Shriver CD: Timing of critical genetic changes in human breast disease. Ann Surg 

Oncol 2005, 12:1054-1060 

18. Zhou X, Mok SC, Chen Z, Li Y, Wong DT: Concurrent analysis of loss of 

heterozygosity (LOH) and copy number abnormality (CNA) for oral 

premalignancy progression using the Affymetrix 10K SNP mapping array. Hum 

Genet 2004, 115:327-330 

19. Meaburn E, Butcher LM, Schalkwyk LC, Plomin R: Genotyping pooled DNA 

using 100K SNP microarrays: a step towards genomewide association scans. 

Nucleic Acids Res 2006 (in press) 

20. Murray SS, Oliphant A, Shen R, McBride C, Steeke RJ, Shannon SG, Rubano T, 

Kermani BG, Fan JB, Chee MS, Hansen MS: A highly informative SNP linkage 

panel for human genetic studies. Nat Methods 2004, 1:113–117  

21. Lips EH, Dierssen JW, van Eijk R, Oosting J, Eilers PH, Tollenaar RA, de Graaf 

EJ, van't Slot R, Wijmenga C, Morreau H, van Wezel T: Reliable high-throughput 

genotyping and loss-of-heterozygosity detection in formalin-fixed, paraffin-



 16

embedded tumors using single nucleotide polymorphism arrays. Cancer Res 2005, 

65:10188-10191 

22. Davies JJ, Wilson IM, Lam WL: Array CGH technologies and their applications 

to cancer genomes. Chromosome Res 2005, 13:237-248 

23. Paulson TG, Galipeau PC, Reid BJ: Loss of heterozygosity analysis using whole 

genome amplification, cell sorting, and fluorescence-based PCR. Genome Res 

1999, 9:482-491  

24. Medintz IL, Lee CC, Wong WW, Pirkola K, Sidransky D, Mathies RA: Loss of 

heterozygosity assay for molecular detection of cancer using energy-transfer 

primers and capillary array electrophoresis. Genome Res 2000, 10:1211-1218 

25. Skotheim RI, Diep CB, Kraggerud SM, Jakobsen KS, Lothe RA. Evaluation of 

loss of heterozygosity/allelic imbalance scoring in tumor DNA. Cancer Genet 

Cytogenet 2001, 127:64-70 

 

  



 17

Figure Legends 

Figure 1. Electropherograms of VIC-labeled amplicons from a matched normal and 

renal carcinoma sample.  PCR was performed and the resulting amplicons resolved as 

described in Materials and Methods. Only VIC-labeled amplicons are shown. In this 

particular sample, the D3S1358, THO1 and D2S1338 loci are heterozygous and D13S317 

and D16S539 loci are homozygous. Fluorescent intensity is shown on the y-axis and 

amplicon size, in base pairs, is shown on the x-axis. The ratios of the fluorescent 

intensities of each allelic pair of heterozygous loci are shown. Loci with allelic ratios of 

>1.60 are defined as sites of allelic imbalance for matched normal (A) or tumor (B) 

tissue.   

 

Figure 2. Reproducibility and effect of admixtures of matched normal and renal 

carcinoma DNA on allelic peak height ratios. (A) Allelic peak height ratios were 

determined for 198 heterozygous loci in16 normal buccal samples.  The plot represents 

the first determination (x-axis) and the second determination (y-axis).  The region defined 

by the gray shaded box represents all the loci that were determined not to be a site of AI 

on both determinations. The labeled points (allelic peak height ratios for both 

determinations) represent the five loci that were not correctly identified upon repeating 

the experiment. (B) The specified admixtures were generated using DNA from a matched 

pair of normal renal tissue and renal cell carcinoma as shown in Figure 1. Data from the 

heterozygous D3S1358 locus are shown. The allelic ratios are 1.09 in the normal renal 

tissue and 2.02 in the renal carcinoma. The best-fit line was generated by linear 

regression and has a correlation coefficient (R2) of 0.965. 



 18

Figure 3. Frequency of allelic imbalance in normal and tumor tissues. The numbers 

of sites of allelic imbalance (i.e. 0, 1, ≥2) were determined in 118 samples of normal 

tissue (A) and in 239 samples of tumor tissue (B).  The number of specimens in each 

tissue set (n) is indicated below the set designation.  Abbreviations: Lymph Node: LN; 

Peripheral Blood Lymphocytes: PBL; Acute Myelogenous Leukemia: AML; Chronic 

Myelogenous Leukemia: CML; Endometrial: Endo.  See Materials and Methods for 

additional details. 
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ABSTRACT 

 

 

Purpose: To determine whether measurement of telomere DNA content in prostate biopsy tissue predicts PSA 

recurrence in men after undergoing radical prostatectomy for prostate cancer.  

 

Materials and Methods: Slot blot titration assay was used to quantitate telomere DNA content in archived 

diagnostic prostate needle biopsy specimens for subjects (n=103) diagnosed with prostate cancer and 

subsequently undergoing radical prostatectomy between 1993 and 1997.  Telomere DNA content was compared 

to the clinical outcome measure, PSA recurrence, defined as an increase in PSA 0.4 ng/mL on two or more 

consecutive measurements post-prostatectomy, observed retrospectively, for a mean follow-up period of 114 

months (range 1-165).  

 

Results: In the cohort, 47 subjects had a PSA recurrence.  In a univariate Cox proportional hazards model, low 

telomere DNA content (<0.3 of standard) demonstrated a significant associated risk for PSA recurrence 

(HR=2.31; 95% CI:1.22-4.34, p=0.0097).  In a multivariate Cox proportional hazards model, low telomere 

DNA content was also significantly associated with PSA recurrence after controlling for pre-operative PSA 

levels and biopsy Gleason sum (HR=2.56; 95% CI:1.23-5.32, p=0.012).  In a subset analysis of men with 

pathologic Gleason sum 7 (n=84; 28 recurrences), low telomere DNA content demonstrated greater risk of 

PSA recurrence (HR=4.11; 95% CI:1.92-8.81, p=0.00027), even after adjusting for pre-operative PSA level and 

biopsy Gleason sum (HR=8.31; 95% CI:3.26-21.5, p<0.0001).

 

Conclusion: Low telomere DNA content measured in prostate biopsy tissue predicts early likelihood of post-

prostatectomy PSA recurrence independent of pre-operative PSA level and biopsy Gleason sum in a 

retrospective analysis, particularly in men with Gleason sum 7 disease.   
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INTRODUCTION 

 

In the modern era of prostate-specific antigen (PSA) testing, there has been a steady annual decrease in the 

number of men presenting with advanced disease compared with an increased number of localized prostate 

cancers detected1.  This shift to increased localized disease detection has caused some confusion and debate 

over appropriate screening and management strategies, as well as generating a demand for clinicians and basic 

scientists to develop more refined techniques for determining the prognosis of prostate adenocarcinoma.  A 

number of pretreatment prognostic tools may help predict disease outcome for patients with localized prostate 

cancer.  These include: pre-operative PSA, tumor grade by Gleason sum at biopsy, and clinical stage by the 

Tumor-Node-Metastasis (TNM) model developed by the American Joint Committee on Cancer (AJCC). 

Pathological stage, the most reliable predictor of tumor progression, recurrence and overall disease outcome, is 

only available if a patient chooses to undergo radical prostatectomy.  Several limiting factors surrounding the 

use of these TNM staging and common clinical tumor markers argue for the development of more reliable 

prognostic markers prior to therapeutic intervention.  To meet this need, efforts have focused on development of 

molecular and genetic markers available at the time of biopsy. 

 

It is well established that genomic instability, i.e. the amplification, loss or structural rearrangement of a critical 

gene or genes, occurs in virtually all cancers, including prostate cancer2.  Telomere dysfunction is one 

mechanism that generates genomic instability3, 4.  Recently, our laboratory demonstrated that a decrease in 

relative telomere DNA content, a proxy for telomere length5, 6, in prostate cancer cells and adjacent 

histologically normal appearing tissue sampled from radical prostatectomy specimens, independently predicts 

prostate cancer recurrence7, 8.  Therefore, measurement of telomere DNA content in prostate biopsy tissue could 

potentially give important prognostic information prior to undergoing invasive treatments (i.e. radical 

prostatectomy).  The purpose of the present study is to determine retrospectively whether telomere DNA 

content measured in prostate biopsy tissue predicts PSA recurrence in men treated by radical prostatectomy. 

 

MATERIALS AND METHODS 

 

Study population.  This study was conducted according to a protocol approved by the University of New 

Mexico Human Research Review Committee and the Veteran’s Administration Research and Development 

Committee.  All men who underwent standard clinical evaluation and treatment for prostate cancer with a 

perineal or retropubic radical prostatectomy without first receiving neoadjuvant radiation or hormone therapy 

from 1993 through 1997 at the Veteran’s Affairs Medical Center (VAMC) in Albuquerque, NM, were identified 

retrospectively in the electronic medical record database to ensure an adequate mean follow-up period of 10 
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years.  Of the 125 subjects identified, men were excluded: (i) who did not have a diagnostic biopsy performed at 

the VAMC (n=10), (ii) were diagnosed by transurethral resection of the prostate (n=5), (iii) were determined to 

have pathological Tx disease (n=3), or (iv) were missing archived biopsy core tissue (n=4), leaving a total of 

103 subjects.  All subjects had prostate adenocarcinoma pathology at the time of pathological evaluation of the 

prostate biopsy.   

 

Clinical data.  Clinical data were individually reviewed and abstracted from the electronic medical record and 

entered into a separate, de-identified database.  Abstracted data included: age at diagnosis, race/ethnicity, pre-

treatment PSA measurements (ng/mL), biopsy Gleason sum according to the original clinical pathology biopsy 

report, pathological stage (expressed as a binary variable defined as “organ confined” if pT2c or less) and grade 

(“pathological Gleason sum”), surgical margin status, post-treatment PSA measurements, neoadjuvant and 

adjuvant prostate cancer specific treatments, and cause of death, where applicable.  The date of the biopsy-

confirmed diagnosis was used as the follow-up period starting point and the most recent dated clinical record or 

date of death was used to define the follow-up end point.  We defined PSA recurrence to be a post-radical 

prostatectomy PSA 0.4 ng/mL on at least 2 consecutive tests more than one year after their radical 

prostatectomy.  Men were considered to have progression (also termed “PSA recurrence” in this study) if they 

had a post-radical prostatectomy PSA 0.4 ng/mL on at least 2 consecutive tests less than one year after their 

radical prostatectomy or if they underwent adjuvant treatment within one year of radical prostatectomy despite 

no PSA elevation.  The laboratory determining the telomere DNA content of the biopsy tissues and the clinical 

data abstractors were blinded until all the data were independently collected and confirmed. 

 

Determination of telomere DNA content.  100 μm of prostate biopsy core tissue was sampled in serial 25 μm 

sections from archived paraffin blocks for each subject.  Prostate cancer was not microdissected from the core.  

Embedded tissue was extracted from the paraffin using xylene and washed in ethanol prior to DNA isolation 

with the DNeasy  Tissue Kit (Qiagen, Valencia, CA) and telomere DNA content was determined for all the 

study subjects in triplicate by the chemiluminescent slot blot assay as previously described5, 6.  Telomere DNA 

content for each sample is reported as the ratio of the telomere DNA content in the representative sample to a 

placental DNA control and therefore reported without units.  The intra-sample mean coefficient of variation was 

27%.  

 

Statistical methods.  Data were analyzed in a fashion consistent with the recently published recommendations 

for tumor marker prognostic studies9.  Welch’s student t-tests for continuous variables and 2 or Fisher’s exact 

tests for categorical variables were used for univariate comparisons between non-recurrent and recurrent groups.  
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Survival distributions were estimated using the Kaplan-Meier method, and compared with log-rank tests.  

Subjects were censored if lost to follow-up or deceased prior to any detectable rise in PSA levels.  Hazard ratios 

(HR) and 95% confidence intervals (95% CI) were determined using Cox proportional hazards models.  

Multivariate approaches were developed in a manual hierarchical approach based on the likelihood ratio test 

and changes in the magnitude of hazard ratios.  Simple linear regression models and correlation coefficients 

were used for all correlations.  Statistical analyses were performed using R statistical software version 1.14 

from the R Foundation for Statistical Computing©.   

 

RESULTS 

 

Telomere DNA content and prediction of PSA recurrence.  Of the 103 men who underwent radical 

prostatectomy, 71 (68.9%) men remained alive, 27 (26.2%) men died, and 5 (4.9%) men were lost to follow-up 

over a mean follow-up period of 114 months (range 1-165).  Table 1 lists the population characteristics of the 

study population comparing those without detectable PSA rise post-prostatectomy versus those with a PSA 

recurrence for all the study subjects, as well as a subset analysis of men who had a pathological Gleason sum of 

7 or less.  During the follow-up period, 45 (43.7%) of all study subjects had a PSA recurrence.  Overall, there 

was no significant difference in the mean age at diagnosis, biopsy Gleason sum or mean biopsy telomere DNA 

content for all study subjects when comparing men who experienced PSA recurrence versus those who did not.  

The mean highest measured pre-operative PSA value in the recurrence group, however, significantly differed 

from the non-recurrence group (mean of 7.96 ng/mL ±SE of 1.16 and mean of 11.33 ng/mL ±SE of 0.80, 

respectively, p=0.031).  In the subset analysis, the mean highest pre-operative PSA no longer significantly 

differed between recurrence and non-recurrence groups, whereas, mean telomere DNA content became 

significantly different (mean of 1.21 ±SE of 0.09 and mean of 0.82 ±SE of 0.08, p=0.035, respectively).  This 

finding indicates that telomere DNA content optimally predicts PSA recurrence in men with lower grade 

disease where elevated pre-operative PSA tends to correspond with higher grade disease in predicting rise in 

post-operative PSA.  As expected, the post-operative prognostic variables of pathological Gleason sum, organ 

confined disease (pathological stage), seminal vesicle invasion, and surgical margin involvement, in the 

recurrence group were significantly higher than the non-recurrence group.  In the subset of men, these 

differences remained significant except for pathological grade, which represents a subset effect.  

 

Univariate analysis of telomere DNA content and PSA recurrence.  Table 2 lists the Cox proportional hazards 

models for telomere DNA content and other prognostic variables with respect to time (in months) to event of 

post-prostatectomy PSA recurrence for all study subjects and the subset of men with pathological Gleason sum 

7 or less.  The lowest quintile (<0.3) was used as the cutoff point for the telomere DNA content variable, while 
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other commonly utilized cutoffs were used for the other markers.  When examining all study subjects, 

significant associations were seen with low (<0.3) telomere DNA content (HR 2.31; 95% CI, 1.22-4.34, 

p=0.0097), a pre-operative PSA value 10.0 ng/mL (HR 3.47; 95% CI, 1.18-10.17, p=0.023), and biopsy 

Gleason sum 8 (HR 2.63; 95% CI, 1.24-5.55, p=0.011) in predicting early PSA recurrence.  Post-

prostatectomy variables were all significantly associated with early PSA recurrence.  Organ confined disease 

was associated with decreased risk of early PSA recurrence (HR 0.33; 95% CI 0.18-0.60, p=0.00032), whereas 

seminal vesicle invasion, or involvement of the surgical margin all were significantly associated with increased 

risk of early PSA recurrence.  In the subset analysis, only telomere DNA content remained a significant 

predictor of early PSA recurrence.  In this context, telomere DNA content actually improved in significant 

predictive ability (HR 4.11; 95% CI, 1.92-8.81, p=0.00027), while pre-operative PSA and biopsy Gleason sum 

both lost significant predictive power.  Of note, in this subset of men, the post-operative variable of seminal 

vesicle involvement was no longer significant, but is likely a reflection of the small number of men with 

seminal vesicle involvement in the subset analysis.  All of the other post-operative variables significantly 

differed between the two groups.   

 

Kaplan-Meier survival analysis of telomere DNA content and PSA recurrence.  For all subjects, Kaplan-Meier 

survival analysis for time to PSA recurrence following radical prostatectomy in regards to telomere DNA 

content demonstrated significantly different PSA recurrence-free survival curves (survival rate for men with 

telomere DNA content 0.3 of 59% ±SE of 6% and telomere DNA content <0.3 of 33% ±SE of 10%, 

respectively; log-rank p=0.0079; Figure 1a).  Pre-operative PSA showed significant PSA recurrence-free 

survival when using high-risk cutoffs (10-year survival rate for men with PSA <10 ng/mL of 63% ±SE of 6% 

and for PSA 10.0 ng/mL 37% ±SE of 9%, log-rank p=0.017; Figure 1b).  Additionally, Gleason sum showed 

significant PSA recurrence-free survival when using a high-risk cutoff (10-year survival rate for men with 

biopsy Gleason sum <8 of 57% ±SE of 6% and for Gleason sum 8 of 33% ±SE of 12%, log-rank p=0.013; 

figure not shown).  Alternatively, in the subset analysis of men with pathological Gleason sum 7 or less disease, 

the PSA recurrence-free survival curves widened further for telomere DNA content (survival rate for men with 

telomere DNA content 0.3 of 71% ±SE of 6% and telomere DNA content <0.3 of 31% ±SE of 12%, 

respectively; log-rank p=0.000080; Figure 1c).  Additionally, pre-operative PSA lost significant association 

with PSA recurrence-free survival when using high-risk cutoffs (10-year survival rate for men with PSA <10 

ng/mL of 70% ±SE of 6% and for PSA 10.0 ng/mL 53% ±SE of 11%, log-rank p=0.017; Figure 1d).  These 

models strongly support the hypothesis that low telomere DNA content predicts early PSA recurrence.  

Specifically, low telomere DNA content optimally predicts early rise in PSA in men with intermediate to low 

grade disease, helping to separate this clinically homogenous group into men with high and low risk of PSA 

recurrence post-prostatectomy prior to undergoing any treatment. 
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Multivariate analysis of telomere DNA content and PSA recurrence.  A multivariate Cox proportional hazards 

model for telomere DNA content and the other prognostic variables with respect to time (in months) to event of 

post-prostatectomy PSA recurrence for all study subjects and the subset of men with pathological Gleason sum 

7 or less is shown in Table 3.  The association of low telomere DNA content to post-prostatectomy PSA 

recurrence when adjusted for pre-operative variables (highest pre-operative PSA value and biopsy Gleason 

sum) was significant (HR 2.56; 95% CI 1.23-5.32, p=0.012) for all study subjects.  Pre-operative PSA above 10 

ng/mL also conferred significant risk (HR 4.39; 95% CI 1.28-15.6, p=0.022).  Both of these variables remained 

significant in the subset analysis; moreover, the overall hazard for low (<0.3) telomere DNA content (HR 8.31; 

95% CI 3.26-21.5, p<0.0001) became larger than a PSA value above 10 ng/mL (HR 5.13; 95% CI 1.23-21.3, 

p=0.024).  There were no significant interactions or associations of low (<0.3) telomere DNA content and the 

other prognostic markers in this study (Table 4).  No correlations were seen in regression models of telomere 

DNA content compared to highest pre-operative PSA and biopsy Gleason sum (multiple R2=0.0018, p=0.68 and 

multiple R2=0.00073, p=0.79, respectively).  When controlling for biopsy Gleason sum and pre-operative PSA, 

low telomere DNA content measured in biopsy samples significantly predicted early PSA recurrence, 

demonstrating a potential clinical role as an independent pre-operative prognostic marker. 

 

DISCUSSION 

 

In the present study, we show that telomere DNA content measured in the prostate biopsy specimen, 

independent of other pre-operative variables, predicts early PSA recurrence after radical prostatectomy.  Men 

who had a telomere DNA content ratio less than 0.3 were at significant risk of having an earlier rise in their 

PSA, suggesting recurrence of their disease despite definitive surgical treatment.  This study confirms our 

previous work in which telomere DNA content in prostatectomy tissue independently predicted PSA 

recurrence7, and extends the hypothesis to suggest telomere DNA content measured in biopsy tissue, can be 

used as a predictive marker for radical prostatectomy outcome along with other established and clinically 

available prognostic markers, such as PSA and Gleason sum.  In this study, telomere DNA content predicted 

recurrence in men who had intermediate to low grade tumors better than in men with high grade disease.  This 

unique predictive quality of telomere DNA content could help many patients faced with the challenge of 

weighing the risks and benefits of surgical treatment when they are diagnosed with low to intermediate grade 

prostate cancer.  

 

Telomeres are specialized protein-nucleic acid structures that protect the ends of eukaryotic chromosomes from 

degradation and recombination, and due to incomplete replication are shortened during each round of cellular 
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replication.  Shortened, dysfunctional telomeres are prone to chromosome fusion and breakage. In normal 

somatic cells this leads to timely p53-dependent senescence and apoptosis10, 11.  In cancer cells, these 

mechanisms are inactivated, and if unchecked, the accumulation of these chromosomal aberrations is lethal.  

Consequently, stabilization of telomeres, through activation of telomerase, is essential for tumor progression12, 

13.  The cause-and-effect relationship between dysfunctional telomeres and genomic instability implies that 

tumors with the shortest telomeres have the least stable genomes, and thus, have the greatest probability of 

containing cells capable of invasion, extravasation and metastasis.  Likewise, tumors with the longest telomeres 

would be expected to have fewer genomic alterations, and therefore, lower probability of containing cells with 

the phenotypes associated with disease recurrence.  Consistent with this view, numerous studies have associated 

reduced telomere length with poor clinical outcome or markers of disease progression14. 

 

Whether telomere DNA content can predict significant morbidity or mortality from prostate cancer is not 

known.  This study was not specifically designed to address clinical progression and survival.  PSA recurrence 

may not be a valid surrogate endpoint for radical prostatectomy outcome and disease-free survival15;  however, 

the use of PSA recurrence makes an initial and compelling argument to further investigate telomere DNA 

content in this context.  

 

Prior studies indicate that telomere shortening occurs in precursor lesions, preceding histological changes 

associated with complete malignant transformation16-18.  Likewise, in our previous study, telomere DNA content 

in tumor tissue correlated to matched, histologically normal adjacent tissue suggesting a “field effect”, or “field 

cancerization” in the surrounding tissue7.  The distance from the tumor tissue to which the field extends is not 

known or well characterized.  Therefore, a biopsy core containing a vector sample of tissue with only a fraction 

of adenocarcinoma may be a mixture of normal tissue telomere lengths and shortened preneoplastic and/or 

neoplastic telomere lengths, inadvertently increasing or decreasing the observed telomere DNA content ratio.  

The fact that we were able to discern a difference in outcome without microdissection, despite a possible “field 

effect”, attests to the robustness of this particular telomere DNA assay.  

 

This study attempted to pre-define and include all men undergoing radical prostatectomy in a certain time 

period to reduce the potential limitations and biases of a retrospective analysis.  The exclusion and lost-to-

follow-up rate is extremely low, strengthening the validity of these results.  Only a well-designed prospective 

study would completely resolve these limitations.  Moreover, the prostatic telomere DNA content distribution in 

men unaffected by prostate cancer is not well described.  In order to make this assay clinically applicable, a 

validated, inter-laboratory assay with well-described reference ranges needs to be developed.  In agreement with 

our previous studies7, 8, this study continues to support the hypothesis that decreased telomere length induces 
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genomic instability and increased mutation rates which, in turn, lead to more aggressive tumors with elevated 

growth rates and/or metastatic capability.  Nonetheless, the mechanisms by which low telomere DNA content 

confers risk of PSA recurrence cannot be determined by this clinical approach.  Further clinical and basic 

science investigations should be pursued to address these issues. 

 

CONCLUSIONS 

Low telomere DNA content measured in the prostate needle biopsy tissue predicts early likelihood of post-

prostatectomy PSA recurrence independent of pre-operative PSA and Gleason sum in a retrospective analysis, 

particularly in men with low to intermediate grade disease.  This study indicates the potential clinical use of 

telomere DNA content in prostatic biopsies as an independent prognostic marker for early PSA recurrence after 

surgical treatment.  
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LEGENDS 
 
Figure 1. Kaplan-Meier survival analysis with respect to PSA recurrence-free survival for all subjects (n=103) 

for A. groups determined by a telomere DNA content (TC) cutoff of 0.30 and B. groups determined by a highest 

pre-operative PSA cutoff of 10 ng/mL.  Kaplan-Meier survival analysis with respect to PSA recurrence-free 

survival for subjects with Gleason sum 7 (n=84) for C. groups determined by a telomere DNA content (TC) 

cutoff of 0.30 D. groups determined by a highest pre-operative PSA cutoff of 10 ng/mL.  Tick marks indicate 

censored events.  



Table 1. Characteristics of men undergoing radical prostatectomy included in the study population.  

 All Study Subjects 
n=103 

Subjects with Gleason Sum 7 
n=84 

 No 
Recurrence 

Recurrence p= No 
Recurrence 

Recurrence p= 

n= 58 (56.3%) 45 (43.7%)  56 (66.7%) 28 (33.3%)  

Age at Diagnosis  
      

     Mean (years) 62.7 64.1 0.24 62.9 63.3 0.75 

     Range  48-74 51-74  48-74 53-74  

Follow-Up Time       

     Mean (months) 111 118  0.39 111  130  0.013 

     Range  1-163 28-165  1-163 88-165  

Time to PSA Recurrence       

     Mean (months) - 27   - 35   

     Range - 0-115  - 0-115  

Biopsy Telomere DNA 
Content        

     Mean 1.17 0.94 0.17 1.21 0.82 0.035 

     Range 0.10-3.19 0.07-3.31  0.10-3.19 0.07-2.72  

Pre-Operative PSA (ng/mL)†
       

     Mean 7.97 11.33 0.031 7.93 9.96 0.18 

     Range 0.5-29.1 0.08-52.5  0.5-29.1 0.08-24.6  

Biopsy Gleason Sum       

     6 39 (67%) 23 (51%) 0.19 39 (70%) 16 (57%) 0.54 

     7 9 (16%) 9 (20%)  9 (16%) 6 (21%)  

     8 5 (9%) 10 (22%)  3 (5%) 3 (11%)  

     Undetermined‡  5 (9%) 3 (6%)  5 (9%) 3 (11%)  

Pathologic Gleason Sum       

     6 27 (47%) 8 (18%) <0.0001 27 (47%) 8 (18%) 0.26 

     7 29 (50%) 20 (44%)  29 (50%) 20 (44%)  

     8 2 (3%) 17 (38%)  - -  

Organ Confined Disease 43 (74%) 17 (38%) 0.00027 41 (73%) 12 (43%) 0.0088 

Seminal Vesicle Invasion 2 (3%) 13 (29%) 0.00039 2 (4%) 5 (18%) 0.038 

Surgical Margin 
Involvement 15 (26%) 31 (69%) <0.0001 14 (25%) 19 (68%) 0.00029 

† Three men were missing documented pre-operative PSA values. 
‡ Limited tumor tissue in the biopsy sample prohibited the pathologist from assigning a Gleason sum. 



Table 2. Univariate Cox proportional hazards models with respect to time (months) to PSA recurrence 

for the study population. 

 All Study Subjects 
 

Subjects with Gleason Sum 7 
 

 Hazard 
Ratio 

95% CI p= Hazard 
Ratio 

95% CI p= 

Biopsy Telomere DNA Content        

     0.30 1.00   1.00   

     <0.30 2.31 1.22-4.34 0.0097 4.11 1.92-8.81 0.00027 

Pre-Operative PSA (ng/mL)        

      <4.0 1.00   1.00   

      4.0 – 10.0 1.97 0.67-5.81 0.22 1.49 0.48-4.62 0.49 

      10.0 3.47 1.18-10.17 0.023 2.05 0.64-6.56 0.22 

Biopsy Gleason Sum        

     6 1.00   1.00   

     7 1.45 0.67-3.13 0.35 1.52 0.60-3.89 0.38 

     8 2.63 1.24-5.55 0.011 1.95 0.57-6.72 0.29 

Pathologic Gleason Sum        

     6 1.00   1.00   

     7 2.04 0.90-4.63 0.090 2.07 0.91-4.71 0.083 

     8 5.28 4.33-24.33 <0.0001 - - - 
Organ Confined        

     No 1.00   1.00   

     Yes 0.33 0.18-0.60 0.00032 0.37 0.17-0.77 0.0085 

Seminal Vesicle Invasion        

     Absent 1.00   1.00   

     Present 4.06 2.12-7.80 <0.0001 2.49 0.95-6.56 0.065 

Surgical Margin Involvement        

     Absent 1.00   1.00   

     Present 4.06 2.15-7.68 <0.0001 4.76 2.14-10.6 0.00013 

 



Table 3.  Multivariate Cox proportional hazards model demonstrating low telomere DNA content (<0.3) 

predicts early likelihood for PSA recurrence adjusted for pre-operative variables for the study 

population.  

 All Study Subjects 
n=92†

 

Subjects with Gleason Sum 7 
n=73†

 

 Hazard 
Ratio 

95% CI p= Hazard 
Ratio 

95% CI p= 

Biopsy Telomere DNA Content       

     0.30 1.00   1.00   

     <0.30 2.56 1.23-5.32 0.012 8.31 3.26-21.5 <0.0001 

Pre-Operative PSA (ng/mL)       

      <4.0 1.00   1.00   

      4.0 – 10.0 2.51 0.70-9.03 0.16 3.96 0.98-16.0 0.053 

      10.0 4.39 1.28-15.61 0.022 5.13 1.23-21.3 0.024 

Biopsy Gleason Sum       

     6 1.00   1.00   

     7 1.59 0.72-3.51 0.25 2.27 0.84-6.17 0.11 

     8 1.69 0.73-3.88 0.22 0.75 0.20-2.82 0.67 

 
† Subjects with incomplete or missing data were excluded from the analysis.  
 



Table 4.  Tests for association of low telomere DNA content (<0.3) with established prognostic markers 

for the study population. 

 
 p= 

Pre-Operative PSA (ng/mL)  

      <4.0 0.51 

      4.0 – 10.0  

      10.0  

Pre-Operative PSA >10 vs. 10 0.91 

Pre-Operative PSA >4 vs. 4 0.45 

Biopsy Gleason Sum  

     6 0.48 

     7  

     8  

Biopsy Gleason Sum >7 vs. 7 0.42 

Biopsy Gleason Sum >6 vs. 6 0.92 

Pathologic Gleason Sum  

     6 0.76 

     7  

     8  

Organ confined 0.18 

Seminal Vesicle Invasion 0.76 

Surgical Margin Involvement 0.58 
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Figure 1.  



 

Transcript 
Fold 

Increase N 
Fold 

Increase N 
Fold 

Increase 
 

N BRCA 
 TAHN-1  TAHN-5  RM  Related  
        
COLLAGEN ALPHA 1(I) CHAIN PRECURSOR 16.16 6 4.24 5 ND 5 Yes 
COLLAGEN ALPHA 1(III) CHAIN PRECURSOR 12.80 6 2.24 5 1.82 5 Yes 
COLLAGEN ALPHA 2(I) CHAIN PRECURSOR 9.12 6 1.62 5 0.99 5 Yes 
RASGAP-ACTIVATING-LIKE PROTEIN 2 6.44 6 2.44 5 ND 5 Yes 
SCAN DOMAIN-CONTAINING PROTEIN 2  6.32 6 3.01 5 7.27 5 No 
G25K GTP-BINDING PROTEIN, (CDC42 HOMOLOG) 6.24 6 2.48 5 7.78 5 Yes 
FUSE BINDING PROTEIN 3  6.11 6 2.56 5 4.79 5 Yes 
EPSIN 2 ISOFORM B; EPS15 BINDING PROTEIN 6.01 6 3.22 5 6.60 5 No 
OK/SW-CL.87 5.82 6 2.88 5 6.42 5 No 
CONNECTIVE TISSUE GROWTH FACTOR PRECURSOR  5.49 6 6.67 6 3.46 5 Yes 
PROTO-ONCOGENE PROTEIN C-FOS  5.47 6 3.36 5 ND 5 Yes 
EARLY GROWTH RESPONSE PROTEIN 1 (EGR-1)  5.34 6 4.24 6 12.39 5 Yes 
CYTOCHROME P450 3A43 (EC 1.14.14.1) 5.32 6 3.00 5 6.91 5 No 
SEX COMB ON MIDLEG-LIKE 2  5.29 6 3.86 5 5.25 5 No 
NOVEL PHOSPHOGLUCOMUTASE LIKE PROTEIN 5.17 5 2.44 5 ND 5 No 
ATAXIN-7  5.05 6 2.79 5 ND 5 No 
LINE-1 REVERSE TRANSCRIPTASE HOMOLOG 4.92 6 3.11 5 5.60 5 No 
CYR61 INSULIN-LIKE GROWTH FACTOR-BINDING PROTEIN  4.84 6 4.25 5 6.26 5 Yes 
PROTON MYO-INOSITOL CO-TRANSPORTER (HMIT) 4.80 6 2.37 6 8.23 5 No 
MHC CLASS I POLYPEPTIDE-RELATED SEQUENCE B 4.77 6 2.55 6 5.97 5 No 
ZINC FINGER PROTEIN 36  4.68 6 2.42 5 ND 5 No 
FOCAL ADHESION KINASE 1  4.66 6 3.46 6 5.90 5 Yes 

 
 
 
 
 
 
 

Table 1. Known Genes Differentially Regulated Selectively and Reproducibly in TAHN-1 Tissues. Fold increase 
is calculated as the ratio of median expression in TAHN-1, TAHN-5, or RM tissues relative to 10 pooled RNAs from 
normal breast tissues. N is the number of tissue specimens that had even pixel intensities (i.e. linear regression ratio > 
0.6) and a signal to noise ratio > 3.0. A gene was defined as breast cancer related if it was contained in the title of one 
or more peer-reviewed papers identified in a PubMed search using the gene’s name and “breast cancer” as search 
terms. ND; not detectable. 
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Telomeres: Prognostic markers for solid tumors
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Solid tumors continue to affect millions of people worldwide.
Increasingly sophisticated diagnostic tools contribute to the high
incidence rates for some tumor types, and treatment options con-
tinue to expand. However, the progression of solid tumors repre-
sents a challenge for the appropriate treatment of individual pa-
tients because of the relative inaccuracy of current prognostic
markers, including the widely used Tumor-Nodes-Metastasis (TNM)
staging system, to predict the course of disease. As a result, both
over- and undertreatment are clinical realities in the management
of patients diagnosed with solid tumors. Therefore, population-
based screening programs that increase the overall cancer inci-
dence rates are controversial, as they may do little to improve the
patient’s quality of life. Consequently, there is a strong need to de-
velop novel and independent markers of prognosis. In this context,
we review the use of telomeres as prognostic markers for solid
tumors, including cancers from lung, breast, prostate, colon, brain
and head and neck. Telomeric sequences, the repetitive DNA at
the end of human chromosomes, are mediators of genomic stability
and can undergo length alterations during tumor initiation and
progression. In a number of studies reviewed here, these altera-
tions, measured as telomere attrition and elongation, have been
shown either to be associated with clinical markers of disease pro-
gression or to be independent markers of cancer prognosis. We
conclude from these studies that careful assessment of telomere
length or its proxies, such as telomere DNA content, will be part of
novel risk assessment and prognostic modalities for patients with
solid tumors.
' 2006 Wiley-Liss, Inc.

Key words: prognosis; solid tumors; telomeres; biomarker

The epidemiology of solid tumors in the 21st century is charac-
terized by overall decreasing mortalities with concomitant increas-
ing incidences in many types of cancer.1,2 This unique situation is
multifactorial and stems from a combination of prolonged life ex-
pectancies, more sophisticated screening modalities, increased
awareness of cancer among the population, and a rise in the reper-
toire and efficacy of therapeutic options.3–5 The latter can lead to
the cure of the cancer, but often does not eliminate the risk of sub-
sequent recurrences. Unfortunately, most therapies are accompa-
nied by side effects and complications that decrease the quality of
life. These can be caused by the relative lack of specificity of
many therapeutic regimens, such as in the case of chemotherapeu-
tic agents,4,5 or to the unwanted effects of physiologically active
compounds on the intrinsic endocrine system, such as in the case
of hormonal therapies.6,7 These complications must be ultimately
included into the clinical decision making, along with the age of
the patient, personal preferences and of course the risk assessment
performed at or shortly after diagnosis. Risk assessment is based
on clinical or pathological staging, and aims largely at identifying
patients at higher risk of cancer progression and recurrence who
would benefit from more aggressive treatment. The latter also
implies that patients with indolent disease would be spared over-
treatment with regimens that cause unnecessary side effects, added
health risks, expenses and a reduced quality of life without real
benefits. In this context, the choice of treatment modalities often
represents a dilemma for the physician and the patient.8,9

Taken together, these important considerations converge into a
strong need for reliable prognostic and predictive biomarkers that
are able, with high specificity and sensitivity, to correctly identify
patients who would or would not benefit from specific therapeutic
intervention, as well as to predict the response of their tumor to a

specific line of therapy.8–11 This review summarizes the use of
telomere length or its proxies, such as telomere content, as poten-
tial prognostic markers in solid tumors, a possibility that has been
raised in the last decade by a number of investigators.12–24 A cor-
responding comprehensive discussion of these promising develop-
ments has not yet been offered, in spite of the growing body of
knowledge. Excluded from this discussion are numerous reports on
the prognostic value of telomeres in hematological malignancies, a
research area that, in contrast to solid tumors, has been addressed
in more depth and previously reviewed.25 Also excluded from this
review is the use of telomerase, the enzyme implicated in telomere
maintenance, as a biomarker for diagnosis or prognosis, a research
area that also has been previously reviewed.26

Biomarker discovery in solid tumors—A continuous need

Ideal biomarkers for solid tumors would serve one or more im-
portant functions in the initial risk assessment and subsequent clini-
cal management of the corresponding patient. These include provid-
ing a basis for choice of initial treatment, prediction of survival,
stratification of patients into clinical trials, prediction and monitoring
of response to therapy, accurate communication among health care
providers and uniform reporting of outcomes.8–11,27 The Tumor-
Nodes-Metastasis (TNM) staging system has been used since the
1950s, and meets most of the criteria outlined earlier.10,11,27 Using
this system, the patient is stratified into a specific stage. For exam-
ple, the 5th edition of the American Joint Cancer Committee de-
scribes 4 main stages for breast and prostate cancer patients (I-IV)
with cancer-specific substages based, for example, on the lymph
nodal status and extracapsular extension.10,11 While this system
has proven, and continues, to be helpful in the risk assessment and
prognosis of cancer patients, there are areas where the TNM stag-
ing system falls short. For example, it does not accommodate well
the increasingly observed stage compression for breast and prostate
cancer, i.e., the migration towards earlier stages (I and II) because
of increasing patient screening and awareness.3,10 Furthermore, the
TNM staging system cannot be extended with additional bio-
markers, such as markers of cellular proliferation (Ki67), cell cycle
(cyclins) or signal transducers (Her2); in fact, their addition would
complicate and undermine its relative simplicity.10,27 These points
emphasize the need to change the basis for cancer prognosis from
one that builds on temporal determinism (TNM at diagnosis) to
one that builds on biological determinism, which includes the mo-
lecular characteristics of a tumor and their change over time.27

Telomeres and genomic instability

Genomic instability is a critical factor in the initiation and pro-
gression of human cancers.28 One mechanism that underlies
genomic instability is loss of telomere function.29 Telomeres are
nucleoprotein complexes located at the extreme ends of eukaryotic
chromosomes. Telomeres in human somatic cells are comprised of
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the hexanucleotide DNA sequence, TTAGGG, that is repeated
1,000 to 2,000 times.30 Numerous telomere binding proteins, in-
cluding the telomere repeat binding factors 1 and 2 (TRF1, TRF2),
TRF1-interacting nuclear protein 2 (TIN2), tankyrase and protec-
tion of telomeres 1 (Pot1) are associated with these repeat regions
and are important for telomere maintenance.31 Telomeres stabilize
chromosome ends and prevent them from undergoing degradation
and recombination. With increasing cell divisions, telomeres
shorten due to incomplete replication of the lagging strand during
DNA synthesis. Under normal physiological conditions, cell cycle
check points such as pRB and p53 control further cellular activities
by activating genetic programs of cell cycle arrest, differentiation
or senescence. Also, when telomeres become critically shortened
and compromise genomic stability, chromosome ends activate
DNA damage response pathways that can induce apoptosis.32 In
cancer, these mechanisms are often inactivated, and telomeres can
become dysfunctional by several mechanisms, such as loss or alter-
ations of telomere-binding proteins involved in telomere mainte-
nance, and DNA damage due, for example, to oxidative stress.
Total loss of telomeric DNA can promote the formation of end-to-
end chromosome fusions which lack TTAGGG repeats at the
fusion point. In contrast, when telomeres become dysfunctional
through the loss of telomere binding proteins, in the absence of
telomeric DNA erosion, end-to-end fusions are also formed, but
TTAGGG repeats at the fusion point are observed.29,31,33 Telomere
loss may be compensated for by the recombination based alterna-
tive lengthening of telomeres (ALT) pathway34 or, as seen in the
majority of human cancers, by the enzyme telomerase.35

Telomeres in tumors are frequently altered, resulting in both
telomere attrition and elongation, as compared to matched adjacent
normal tissues.36 Extensive alteration of telomeric DNA results in
complex types of genomic abnormalities, including loss of hetero-
zygosity, gene truncation and aneupliody.29,37 The cause-and-
effect relation between dysfunctional telomeres and genomic insta-
bility implies that dysfunctional telomeres are also associated with
complex and largely unknown altered gene expression. The latter
is a primary source of phenotypic variability, which in turn drives
the development of cell clones displaying progressively malignant
traits, such as the potential for invasion and metastasis.31,38 Since
genomic instability alters gene expression, tumors with excessive
telomere alterations are therefore likely to possess the most exten-
sive phenotypic variability and have the greatest probability of
containing cells capable of invasion, extravasation and metastasis,
i.e., an aggressive tumor phenotype. For these reasons, numerous
investigators have hypothesized that altered telomere length could
predispose cells to possess the properties necessary to metastasize
and cause recurrent disease, and thereby be a predictor of clinical
outcome.12–24 This concept is shown schematically in Figure 1.

Methods of telomere measurement

Several methods have been developed to measure telomere
length, or its proxies, and have been recently reviewed by Lin and
Yan39 and by Baird.40 These include the well-established Southern
blot method, the telomere DNA content (TC) titration assay41,42

and telomere fluorescence in situ hybridization (FISH).40,43 All of
the studies reviewed here have utilized the 2 former methodologies,
ostensibly because of their ease of quantification or high-throughput
capability. Therefore, these are briefly explained here; the reader is
referred to Refs. 39, 40 and 43 for an explanation of FISH. Telo-
mere length measurement using the Southern blot technique has
been the most widely used method for assessing the length of telo-
meres in cells and tissues. Briefly, genomic DNA is digested with
frequently cutting restriction endonucleases, such as HinfI and RsaI,
to degrade nontelomeric sequences. The nonfragmented DNA con-
taining the telomeric sequences, or terminal restriction fragments
(TRFs) that are insensitive to restriction endonucleases, are then
separated by gel electrophoresis and transferred to membranes
suited for nucleic acid immobilization. Hybridization with a telo-
mere-specific probe (e.g., radioactively labeled) is performed and

telomere length is usually assessed by densitometric analysis of the
highest peak TRF signal after exposure of the blot to light-sensitive
film or to a phosphorimager.39,40 However, this well-established
methodology harbors several inherent disadvantages. For example,
Southern blots require relatively large amounts (i.e. micrograms) of
originally unfragmented genomic DNA, which often precludes
measurements of telomeric DNA in archival or biopsy tissues,
where DNA can be degraded or scarce. In addition, Southern blot
radiographs often display multiple peaks, leading to a high variabil-
ity in interpretation.39,40

A method for assessing the total content of telomere DNA
sequences (TC), a surrogate for telomere length, in genomic DNA
was recently reported.41,42 Briefly, genomic DNA is immobilized
on membranes in a slot blot format and titrated by hybridization
with a telomere-specific probe, either normalized to centromeric
DNA41 or to total genomic DNA in the same sample.42 This meth-
odology holds multiple advantages over the Southern blot technol-
ogy: TC is independent of DNA fragmentation, DNA requirements
are in the lower nanogram range, i.e. ~5 ng (equivalent of <1,000
cells) and measurements can be performed with DNA isolated
from fresh, frozen and paraffin-embedded tissues up to 20 years
old. Additionally, TC is directly proportional to mean telomere
length and its interpretation is not affected by telomeric sequences
outside the telomere.42

Regardless of the methodology used, the following discussion
shows that telomeres can be used as clinical biomarkers in the
prognosis of solid tumors, as reported in numerous studies.12–24

These studies, and their major findings, are summarized in Table I
and further discussed here in detail, according to the type of solid
tumors analyzed.

Breast cancer

It has been estimated that worldwide over one million women
are diagnosed annually with breast cancer, and over 200,000

FIGURE 1 – Schematic representation of the cause-and-effect rela-
tionship between dysfunctional telomeres, genomic instability, pheno-
typic variability, tumor aggressiveness, and as a consequence, clinical
outcome (poor/good prognosis). The triangles represent decreasing
genomic instability, phenotypic variability and tumor aggressiveness
from left to right.

2256 BISOFFI ET AL.



women die from this disease.44 The first report describing the use
of telomere length as a possible prognostic marker in breast carci-
noma was published by a group led by Odagiri et al.12 In this
study, Southern blot analysis was used to determine the telomere
length in a cohort of 41 patients diagnosed with breast cancer and
with a median follow-up time of 62.5 months. Additionally, tumor
adjacent normal breast specimens were available for 22 of the
patients. These authors found that telomere length was signifi-
cantly reduced in the tumor tissues (8.1 6 0.6 kb) compared with
that of the adjacent normal (9.7 6 0.5 kb) breast tissues in 18 of
22 patients (p > 0.05). Within the tumor specimens, 5/7 specimens
with the shortest telomere lengths were Grade 3 tumors, whereas
longer telomeres were seen in specimens with histologic Grades 1
or 2. However, no correlations were observed among telomere
length and TNM stage, tumor size, estrogen receptor status, pro-
gesterone receptor status, age or disease-free survival. Interest-
ingly, telomere length in the tumor adjacent normal tissues was
also significantly shorter than telomere length in placental DNA
(13.7 6 0.4 kb). The latter is in agreement with studies in breast
and prostate cancers, which show that telomere attrition takes
place in histologically normal tissue adjacent to the corresponding
tumors, and thus may represent an early event in the carcinogenic
process.15,45 At the time of their report, the authors hypothesized
that telomere alterations may initiate and promote the development
of malignancy.12 In this context, Meeker et al. recently observed
that telomere length abnormalities represent early and prevalent
genetic alterations in the multistep process of malignant transfor-
mation in several types of cancer, including breast cancer.46

Two reports on telomeres measured as telomere DNA content,
TC, one of the proxies of telomere length,41,42 collectively indi-
cate the prognostic potential of telomeres in breast cancer
patients.13,16 The first study, reported by Griffith et al., included
49 frozen and paraffin-embedded invasive human breast carcino-
mas. Tumors were divided into 3 groups (I–III) based on TC val-

ues.13 All 16 tumors in the group with the least TC (Group I) were
aneuploid, as compared to 9/17 tumors in the group with the high-
est TC (Group III). Statistical analysis of this association between
TC and aneuploidy revealed a significant relationship between in-
creased aneuploidy and reduced TC (p < 0.002). Furthermore, 12/14
tumors in Group I produced metastatic disease compared to 8/15
tumors in Group III. Statistical analysis of this distribution showed a
significant association between metastatic disease, mostly nodal
involvement, and reduced TC (p < 0.05). Finally, and in agreement
with the previous study,12 no association between TC and patient
age, tumor size, grade, stage or fraction of cells in S-phase was
observed.13

A more recent study reported measurements of TC in 2 inde-
pendent sets of breast tumors containing a total of 140 samples.16

This study by Fordyce et al. revealed that telomere alteration
included both telomere attrition and elongation. In fact, only 50%
of all tumors had TC values in the normal range, as defined by TC
of 70 normal tissues of different types. Contrary to the previous 2
studies, TC in this larger cohort was associated with tumor size
(p 5 0.02), TNM stage (p 5 0.004), 5-year overall survival (p 5
0.0001) and 5-year disease-free survival (p 5 0.0004). Reduced
TC was also associated with nodal involvement (p < 0.0001),
which is in contrast to the study by Odagiri et al. who found that
decreased telomere lengths were observed in patients without
lymph node metastases when compared to those with lymph node
metastases (p > 0.05).12 Finally, a multivariable Cox model to
control for age at diagnosis and TNM stage as predictors of breast
cancer-free survival showed that low TC conferred an adjusted
relative hazard (RH) of 4.43 (95% CI 1.4–13.6, p 5 0.009). Re-
ceiver operating characteristic curves using thresholds defined by
the TC distribution in normal tissues predicted 5-year breast can-
cer-free survival with 50% sensitivity and 95% specificity, and
predicted death due to breast cancer with 75% sensitivity and 70%
specificity.16

TABLE I – SUMMARY OF FINDINGS FOR THE USE OF TELOMERES AS PROGNOSTIC MARKERS IN DIFFERENT TUMOR TYPES

Tumor type N Significant findings Reference

Breast 41 TRF was reduced in Grade 3 tumors and in patients
without lymph node metastases

Odagiri et al.12

49 Reduced TC was correlated with aneuploidy and
lymph node metastasis

Griffith et al.13

140 Reduced TC was associated with tumor size,
nodal involvement, TNM stage, 5-year overall
survival and 5-year disease-free survival. Using
multivariate Cox proportional hazards analysis, low
TC was found to be a prognostic factor independent of
age at diagnosis and TNM stage (RH 5 4.43)

Fordyce et al.16

Prostate 18 Reduced TC correlated with death and disease recurrence Donaldson et al.14

77 Reduced TC predicted time to prostate cancer recurrence
when controlling for age at diagnosis, Gleason sum
score and pelvic node involvement (RH 5 5.02)

Fordyce et al.15

Lung 46 Reduced and increased TRF was observed, but a clear
association with patient prognosis was not reported

Shirotani et al.22

72 Patients with altered (longer and shorter than normal) TRF
had shorter survival durations and in a multivariate analysis;
alteration in TRF was second to pathological stage in
predicting the duration of patient survival

Hirashima et al.23

Colorectal 57 Increased TRF correlated with higher tumor stage, decreased
overall survival, and in a multivariate analysis, TRF was
an independent prognostic factor

Gertler et al.18

91 Using multivariate Cox proportional hazards analysis,
with a median follow-up time of 44 months, increased TRF
was found to be a prognostic factor independent of
tumor stage (RH 5 6.48)

Garcia-Aranda et al.19

Head and neck 110 Patients with increased TRF in tumor tissues had
decreased disease-free survival

Patel et al.20

Neuroblastoma 55 Reduced TRF was correlated with advanced stages
of tumor development, poor prognosis, and
increased S-phase fractions in tumor cells

Hiyama et al.21

Glioblastoma multiforme 77 The ‘‘ALT’’ phenotype, representative of
elongated telomeres, was associated with
a better prognosis

Hakin-Smith et al.24
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In summary, multiple studies in breast cancer have shown that
telomere attrition is associated with parameters of increased risk
and poor outcome, and can thus be used as a prognostic factor to
predict the course of disease. Overall, these studies contain no con-
tradictory findings, although the reports may differ in the types of
associations between telomere length and parameters of staging and
risk assessment. The latter may either indicate inherent and un-
known differences in the patient populations under investigation, or
a limited number of specimens, which indicates the need for larger
studies.

Prostate cancer

Prostate cancer is the male gender-specific counterpart of breast
cancer with regard to worldwide prevalence and incidence.44

Recent investigations suggest that reduced telomere length, meas-
ured as TC, is associated with poor clinical outcome and markers
of disease progression in prostate cancer.14,15 The first reported
study represented an retrospective investigation of the relationship
between clinical outcomes in patients with organ-confined prostate
adenocarcinoma and TC.14 In this study, an archival case-con-
trolled cohort, composed of 18 men diagnosed with prostatic ade-
nocarcinoma and treated with prostatectomy prior to 1993 was
selected so that ~50% died within 10 years of diagnosis and 50%
survived 10 years or longer. Association analysis for TC and sur-
vival and TC and biochemical recurrence (PSA levels of >2.5 ng/
ml) revealed that reduced TC correlated with death (p < 0.0001)
and disease recurrence (p < 0.0001). Also, there was no apparent
association between TC and patients’ ages at diagnosis, nodal sta-
tuses, pathological grades or Gleason sum scores.14

This finding was recently extended in a retrospective population-
based study comprising 77 men who underwent prostatectomy
between 1982 and 1995.15 In this cohort, TC was determined in the
tumor as well as in the tumor adjacent histologically normal pros-
tate tissues. TC was a predictor of time to prostate cancer recur-
rence when controlling for age at diagnosis, Gleason sum score and
pelvic node involvement (RH 5 5.02, 95% CI 1.40–17.96, p 5
0.0132). Interestingly, TC in tumors was associated with TC in the
corresponding tumor adjacent tissues (R 5 0.601, p < 0.0001). Me-
dian TC in men with cancer recurrence within 6 years was ~50% of
TC in men who remained disease-free in tumor (p 5 0.012), and
surprisingly, also in tumor adjacent histologically normal tissues
(p 5 0.024). As mentioned earlier, the latter supports the concept,
shown previously by us and others,12,15,45 that telomere attrition
takes place in histologically normal tissue adjacent to the corre-
sponding tumors, and may thus represent an early event in tumor
formation. This phenomenon may reflect ‘‘field cancerization,’’ a
concept that was introduced to explain the occurrence of genetic
alterations in histologically normal tissues adjacent to tumors.47

Lung cancer

Lung cancer is the most common malignancy and the leading
cause of mortality related to cancer in the world.44 It is thus some-
what surprising that research on telomeres in lung cancer speci-
mens is relatively rare. While telomerase expression and activity
have been recognized as important contributors to the malignant
phenotype in lung epithelial cells, and have been proposed to be of
potential prognostic value,48 reports on the use of telomeres to pre-
dict lung cancer progression are scarce. Using telomere length
measurements by the TRF method, Shirotani et al. investigated the
relationship between telomere length and various characteristics of
tumor cells in 46 lung cancer specimens comprising 40 primary
and 6 metastatic lesions.22 Interestingly, and in partial accordance
with recent studies in breast and prostate cancers,15,16 these authors
observed both elongation (2 cases) and reduction of telomere
length (13 cases) in the 16 small cell carcinomas of the sample set.
The 2 cases with telomere elongation were associated with a poor
prognosis. Similarly, in the adenocarcinoma samples of this study,
both telomere reduction and elongation were observed, but a clear
association with patient prognosis was not reported.22

Hirashima et al. evaluated the prognostic significance of telo-
mere length alteration in paired cancer and normal lung tissues
obtained from 72 patients with histologically confirmed pathologi-
cal stage I-IIIA nonsmall cell lung cancer (NSCLC).23 TRF length
(mean 6 SD) in normal tissue was 6.2 6 1.1 kb. These authors
defined the upper and lower limits of a range of TRF length in nor-
mal tissue as 8.4 kb (mean 1 2SD) and 4.0 kb (mean 2 2SD),
respectively. Defining telomere alteration as TRF values above or
below these values, these authors determined that the 25 patients
(34.7%) with alteration in TRF length (elongation and reduction)
had significantly shorter survival durations than those of the others.
In multivariate analysis, alteration in TRF length (p 5 0.0033) was
second to pathological stage (p 5 0.0004) in predicting the dura-
tion of patient survival, indicating that telomeres in this type of
cancer can be of potential prognostic value.23

Although not entirely consistent in the type of telomere altera-
tion, i.e., attrition vs. elongation, and unclear on the underlying
mechanisms, these studies in lung tissues indicate that telomere
alterations are associated with parameters of clinical outcome in
patients suffering from lung cancer.

Colorectal carcinoma

Although colorectal cancer is one of the best studied malignant
diseases in terms of genetics and molecular prognostic factors, the
true prognostic significance of all potential factors under investiga-
tion remains to be clarified.49 The use of telomeres as prognostic
factors in colorectal carcinoma has been addressed in several stud-
ies in the groups led by Siewert and coworkers17,18 and by Iniesta
and coworkers.19 As with most previous studies, these authors
measured telomere length by the Southern blot method. In a study
encompassing 57 patients with completely resected colorectal carci-
noma and a median follow-up time of 76 months, Gertler et al. first
determined that cancer tissue had shorter telomeres than adjacent
mucosa (p < 0.001), and that telomere length decreased with age
only in noncancerous tissue (R 5 0.36; p < 0.01).18 Furthermore,
these authors determined the association between telomere length
and histopathological parameters and patient survival. Telomere
length in cancer tissue was correlated with tumor stage, with signif-
icantly shorter telomeres in stage I compared to stage II-IV tumors
(p < 0.01). Patients with ratios of telomere length in cancer to non-
cancer tissue greater than 0.90 had a significantly poorer overall
survival compared with patients with smaller telomere length ratios
(p < 0.002). In multivariate analysis, the telomere length ratio was
an independent prognostic factor (p < 0.03). Interestingly, and in
agreement with recent findings in prostate and breast tumors,15,16 as
well as some findings reported in lung cancer,22 these authors found
a subset of patients whose tumors showed elongated telomeres as
compared to their normal noncancerous tissues, indicating that telo-
mere maintenance mechanisms can be shifted towards telomere
elongation in this type of cancer tissue.

Similar findings were reported by Garcia-Aranda et al. in a
study encompassing 91 primary colorectal carcinomas and their
associated normal control tissue samples.19 Again, telomeres in
cancer specimens were significantly shorter compared with telo-
meres in normal, adjacent tissues (p 5 0.02). For the prognostic
evaluation of telomere length, these authors dichotomized the
patient cohort into samples with longer telomeres (i.e., the upper 2
quartiles above the mean in the tumor tissues) and samples with
shorter telomeres (i.e., the lower 2 quartiles below the mean in the
tumor tissues), and used a median follow-up time of 44 months.
Using multivariate Cox proportional hazards analysis, telomere
length in this cohort was found to be a prognostic factor independ-
ent of tumor stage, with an overall relative risk for elongated telo-
meres of 6.48 (p 5 0.04).19

It is noteworthy that these studies on telomere length and their
association with prognosis in colorectal carcinoma patients showed
the opposite relationship, with longer telomeres indicating poor
prognosis, as compared to studies in other cancer types13–16,21 One
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explanation for this discrepancy might lie in the differential regula-
tion of telomerase expression in colorectal epithelial cells. In this
context, normal colorectal epithelium has been shown to contain
cells of possible stem cell origin that are telomerase-positive and
presumably counteract telomere attrition due to physiologically
high cell proliferation rates, and total cell loss due to physiological
shedding in this specialized cell compartment.50 It is thus possible
that the regulation of existing telomerase activity may be affected
in cells undergoing tumor initiation and result in elongated telo-
meres in the tumors.

Other types of cancer

Studies indicating the prognostic potential of telomeres have
also been reported for head and neck cancer,20 neuroblastomas21

and glioblastomas.24 Patel et al. studied telomere alterations by
Southern blot analysis in tumor and adjacent normal tissues in
110 patients with head and neck cancer and 40 patients with pre-
cancerous and benign conditions.20 Telomere lengths in this sam-
ple set were significantly lower in malignant tissues compared
with the tumor adjacent normal tissues. In addition, while no sig-
nificant correlation was observed between telomerase activation
and clinicopathologic characteristics of the patients, 2-year dis-
ease-free survival analysis showed that patients with longer telo-
meres in malignant tissues had poor disease-free survival. The
finding that elongated telomeres are associated with poor progno-
sis is in concert with that reported for colorectal carcinoma and
lung,17–19,23 and in contrast to other cancer types.13–16,21 A possi-
ble explanation for these interesting discrepancies in head and neck
cancer is the fact that telomerase activity was observed in over half
of the adjacent normal tissues. As in the prior case of colorectal car-
cinoma, altered regulation of telomerase expression in cells under-
going transformation may explain the elongated telomeres in the
tumors.17–19,50

A study by Hiyama et al. reported the reduction of telomere
DNA repeats in 55 primary neuroblastomas as compared to gan-
glioneuromas and normal peripheral mononuclear cells.21 It is
interesting to note that these authors observed a wide range of telo-
mere lengths in neuroblastomas (1.1 kb to >23 kb). Most impor-
tantly, the reduction of telomeric repeats within this sample set
was significantly correlated with advanced stages of tumor devel-
opment, poor prognosis and increased S-phase fractions in tumor
cells.21

Finally, Hakin-Smith and colleagues determined telomere length,
as well as the lengthening mechanism, either telomerase or ALT,34

in 77 patients with glioblastoma multiforme, a brain tumor type for
which no reliable prognostic markers exist.24 Nineteen patients
(25%) had tumors with the ALT phenotype, which is representa-
tive for longer telomeres. Median survival for patients with the
ALT phenotype was 542 days (95% CI 114–970) compared with
247 days (95% CI 224–270) for glioblastoma multiforme tumors
with normal telomeres (p 5 0.0003). Cox regression analysis
showed that this association was independent of age. These find-
ings suggest that ALT, and by inference, elongated telomeres, are
indicators of a favorable prognosis in patients with glioblastoma
multiforme.24 The latter finding is in agreement with observations
made in breast tumors, where higher TC values, i.e., greater than

that of the lowest tertile as defined in disease-free breast tissues,
was associated with a better patient prognosis.16

Conclusion

The phenomenon of telomere alteration during tumorigenesis
process and progression of solid tumors is well known and estab-
lished at the molecular level.29,37 The relationship between telo-
mere maintenance, genomic instability and the resulting pheno-
typic variability that gives rise to cell clones that cause disease re-
currence (Fig. 1) is well accepted.31,38 It is only logical then to
infer that alterations in telomere length could be used as a prognos-
tic factor. Consequently, this review shows that the potential clini-
cal use of telomere length information for the prognosis of solid
tumors has been recognized and continues to be validated (Table
I).12–24 Also, some of these studies indicate not only an association
of telomere length with prognosis, but also with parameters of
staging and risk assessment. This suggests that even in cases where
such an association was not observed, it may be detected in a
larger sample size with more statistical power, emphasizing the
need for extended, possibly multi-center studies. We argue that the
phenomenon of bidirectional telomere dysfunction, including attri-
tion or elongation, is subjected to the same overarching character-
istic for almost all solid tumors, i.e. heterogeneity. The latter may
increase with increasing genomic instability, affecting the molecu-
lar key players of telomere maintenance. At least two mechanisms
of telomere maintenance, telomerase activity and the recombina-
tion-based ALT, may be more or less prevalent in different tissues
undergoing tumor formation, leading to the observed differen-
ces.34,35 Nevertheless, the studies reviewed here do indicate a
potential tissue-specific pattern of telomere dysfunction that may
reflect the underlying biology of telomere maintenance and its
alteration over time in specific tissues. The latter is, for example,
the case for normal colorectal epithelium that is known to contain
telomerase-positive cells of possible stem cell origin.50 Many ques-
tions remain to be answered, such as the exact definition of
‘‘shortened’’ or ‘‘elongated’’ telomeres. While the latter might be
highly dependent on the type of tissue under investigation, several
investigators have started to address this question by comparing
telomeres in tumors to telomeres in a variety of normal disease-
free human tissues.12,16 Also, as indicated by several studies
including our own,12,15,45 a better understanding of the molecular
events underlying telomere alterations in histologically normal tis-
sues adjacent to tumors will probably open new research avenues
into the identification of early diagnostic and prognostic markers.

It is clear that the reports reviewed here, although overall of a
proof-of-principle character, clearly support the concept of using
telomeres as independent biomarkers for prognosis.12–24 We there-
fore conclude and predict that careful assessment of telomere
length or its proxies, such as telomere DNA content or other meth-
ods to be developed in the future, will be used for solid tumor risk
assessment, staging and prognosis. In addition, Hammond and
Taube, as well as Weidner, propose in their marker discovery
schemes that novel markers should be independent of previously
discovered ones.8,9 However, the possibility that telomere length,
or its proxies, could represent combinatorial markers, for example,
in more complex algorithms, should not be excluded.
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Background: Telomeres are nucleoprotein complexes that protect chromosome ends from degradation and 
recombination. Critically shortened telomeres generate genomic instability, and it has been postulated that the 
extent of telomeric DNA loss is related to the degree of genomic instability within a tumor, and therefore may 
presage clinical outcome. The objectives of this investigation were to first define the range of telomere DNA 
contents (TC) in normal breast tissues and then evaluate the hypothesis that that TC in breast tumor tissue 
correlates with TNM staging and prognosis. 
Methods: Slot blot assay was used to quantitate TC in 70 disease-free normal tissues from multiple organ 
sites, and two independent sets of breast tumors containing a total of 140 samples. Non-parametric Rank 
Sums Tests, Logistic regression and Cox proportional hazards models were used to evaluate the relationships 
between TC and tumor size, nodal involvement, TNM stage, 5-year survival and disease-free interval. 
Results: TC in 95% of normal tissues was 75-143% of that in the placental DNA standard, whereas only 50% 
of tumors had TC values in this range. TC was associated with tumor size (p=0.02), nodal involvement 
(p<0.0001), TNM stage (p=0.004), 5-year overall survival (p=0.0001) and 5-year disease-free survival 
(p=0.0004). A multivariable Cox model was developed using age at diagnosis, TNM stage and TC as 
independent predictors of breast cancer-free survival. Relative to the high TC group (>123% of standard), low 
TC (<101% of standard) conferred an adjusted relative hazard of 4.43 (95% CI 1.4-13.6, p=0.009), 
independent of age at diagnosis, nodal involvement and TNM stage. Receiver operating characteristic curves 
using thresholds defined by the TC distribution in normal tissues predicted 5-year breast cancer-free survival 
with 50% sensitivity and 95% specificity, and predicted death due to breast cancer with 75% sensitivity and 
70% specificity.  
Conclusions: TC in breast cancer tissue is an independent predictor of clinical outcome and survival interval, 
and may discriminate by stage.  
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Abstract
Background: Urokinase-type Plasminogen Activator (uPA), a serine protease, plays a pivotal role
in human breast cancer metastasis by mediating the degradation of extracellular matrix proteins
and promoting cell motility. In more advanced breast cancers, uPA activity is significantly up
regulated and serves as a prognostic indicator of poor patient outcome. Classically, regulation of
uPA activity, especially in breast cancers, is thought to be mediated by Type 1 Plasminogen
Activator Inhibitor (PAI-1). However, we have recently found that a lesser known natural inhibitor
of uPA, Protease Nexin 1 (PN-1), is expressed in normal human mammary tissue. Based on this
observation, we investigated if PN-1 is also expressed in human breast cancers where it may
contribute to the regulation of uPA and participate in the development of a metastatic phenotype.

Results: Using quantitative real-time PCR analysis, we measured PN-1 mRNA expression in
tissues obtained from 26 human breast tumor biopsies and compared these values with those
obtained from 10 normal breast tissue samples. Since both PAI-1 and uPA expression levels are
known to be elevated in metastatic breast cancer, we also measured their levels in our 26 tumor
samples for direct comparison with PN-1 expression. We found that PN-1 expression was elevated
over that found in normal mammary tissue; an increase of 1.5- to 3.5-fold in 21 of 26 human breast
tumors examined. As anticipated, both PAI-1 and uPA mRNA levels were significantly higher in the
majority of breast tumors; 19 of 26 tumors for PAI-1 and 22 of 26 tumors for uPA. A quantile box
plot of these data demonstrates that the elevated PN-1 expression in breast tumor tissues directly
correlates with the increased expression levels found for PAI-1 and uPA.

Conclusion: The fact that PN-1 expression is elevated in human breast cancer, and that its
increased expression is directly correlated with increases measured for PAI-1 and uPA, suggests
that PN-1 may contribute to the regulation of uPA-mediate tumor cell motility and metastatic
spread.

Background
An important characteristic of highly invasive tumor cells
is an elevated capacity to degrade the surrounding extra-

cellular matrix (ECM). To achieve this elevated degrada-
tive capacity, tumor cells express a variety of proteases to
digest ECM proteins that typically encapsulate growing,
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benign tumors [1,2]. It is now well established that pro-
teins of the plasminogen activation (PA) system are ele-
vated in breast cancer and serve as the primary functional
players in ECM degradation [3,4]. Expression of one
member of the PA system, the serine protease urokinase
(uPA), is significantly upregulated in tumor cells and cat-
alyzes the conversion of extracellular plasminogen to
plasmin [5]. Plasmin is a broad-spectrum protease that
cleaves many ECM proteins, as well as activates certain
matrix metalloproteinases [6]. This proteolytic cascade
enables highly migratory tumor cells to efficiently degrade
their surrounding matrices, exit the primary site of tumor
growth and colonize distant secondary sites [7]. In addi-
tion to its protease activity which augments breast tumor
cell motility, high expression levels of uPA is also a well-
established prognostic indicator of poor patient outcome
during the course of breast cancer [8,9].

Regulation of extracellular uPA activity is known to occur
through the inhibitory properties of type I plasminogen
activator inhibitor (PAI-1), a serine protease inhibitor
(SERPIN) that is synthesized and secreted often by the
same cells that secrete uPA [10]. Because of the close func-
tional relationship between uPA proteolytic activity and
PAI-1 inhibitory function, it is thought that a well-con-
trolled balance of uPA and PAI-1 dictates the extent of cell
motility. Protease Nexin-1 (PN-1), another member of the
SERPIN family [11], is highly expressed by stromal cells
[12] and a potent inhibitor of uPA [10,13]. Interestingly,
although PN-1 activity has been extensively studied
within the context of neural development, few studies
have been reported examining its expression in cancerous
tissues and its potential role in cancer progression. PN-1 is
expressed by astrocytes and glial cells [14], as well as neu-
roblastoma cells [15] where it is thought to promote neu-
ronal cell survival [16] and modulate neurite outgrowth
[17]. In addition, PN-1 inhibits thrombin-stimulated cell
division [18], migration of cerebrellar granular cells [19],
and uPA-dependent ECM degradation [20]. Thus, based
on findings in other cell types, we hypothesize that PN-1
may contribute to tumor cell motility in advanced stage
breast cancer by playing a role in the regulation of uPA
activity. To address this hypothesis, we examined the
expression of PN-1 in advanced stage human breast can-
cer tissues to determine if its expression is altered when
compared to normal mammary tissue and to directly
compare its expression level to those of PAI-1 and uPA. To
accomplish this goal, we used quantitative real-time
reverse transcription-PCR (QRT-PCR) to measure PN-1,
PAI-1 and uPA expression levels within a set of breast
tumor and normal breast tissue samples.

Materials and methods
Breast tissue samples
Frozen breast tumor specimens from anonymous patients
(n = 26) were obtained from the University of New Mex-
ico Cancer Research and Treatment Center Solid Tumor
Facility, Albuquerque, New Mexico. In 25 out of 26 cases,
tumor grade, tumor size, lymph node status, and the frac-
tion of cells in S phase (based on flow cytometry cell cycle
analysis) were included within the clinical history pro-
vided with each specimen. Anonymous normal breast
mRNA (n = 10) originating from female patients where
cause of death was unrelated to cancer, were purchased
from Ambion (Austin, TX). The normal, control samples
were supplied as two equal pools by the company.

Cell culture
MCF-7 human mammary epithelial cells, were provided
by Dr. Steven Abcouwer, Hershey Medical Center, Her-
shey, Pennsylvania. MDA-MB-231 metastatic human
mammary epithelial cells were obtained from American
Type Culture Collection (Rockland, MD). Both cell lines
were propagated in Dulbecco modified Eagle's medium
(DMEM, Life Technologies/Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (Irvine Scientific,
Santa Ana, CA), 0.1 mM non-essential amino acids, 1 mM
sodium pyruvate, 0.01 mg/ml bovine insulin, and 100 U/
ml penicillin G. Cells were cultured at 37°C with 5% CO2
and passaged once a week.

Preparation of tissue sections and RNA isolation
Serial frozen sections of breast samples, 10 µm in width,
were mounted on Colorfrost slides (VWR, West Chester,
PA) and stored at -70°C. Specimens were stained with
hematoxylin/eosin and examined by a board-certified sur-
gical pathologist, who assigned a histopathologic grade to
the tumor and analyzed the normal tissue. Total RNA
from cultured cells and frozen tumor tissue was isolated
using silica-based spin-column extraction kits (RNeasy/
DNeasy mini kits, Qiagen, Valencia, CA) according to the
manufacturer's protocol. Total RNA was treated with
RNase-free DNase I (Ambion, Austin, TX) to eliminate
contaminating DNA. RNA integrity was evaluated by aga-
rose gel electrophoresis.

Quantitative real-time RT-PCR
cDNA was synthesized by random decamer-primed
reverse transcription of RNA (1 µg) using a TaqMan®

Reverse Transcription kit (Applied Biosystems, Foster
City, CA) according to the manufacturer's standard proto-
col. Negative controls contained RNase-free water substi-
tuted for reverse transcriptase. The mRNA levels of PN-1,
PAI-1, uPA and TATA-binding protein (TBP) were meas-
ured in breast specimens, the MCF-7 mammary epithelial
cell line, and the MDA-MB-231 metastatic mammary epi-
thelial cell line using the ABgene Absolute SYBR Green
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QRT-PCR assay (Fisher Scientific, Hampton, NH). PN-1
primers were selected to amplify an 81 bp sequence span-
ning the intron located between exons 2 and 3. Primer
sequences used for PN-1 were 5'-GAAGCAGCTCGCCAT-
GGT-3' (forward), 5'-AGACGATGGCCTTGTTGATC-3'
(reverse). TBP primer sequences used were 5'-CACGAAC-
CACGGCACTGATT-3' (forward), 5'-TTTTCTTGCT-
GCCAGTCTGGAC-3' (reverse). Primer sequences used for
PAI-1 were 5'-TGCTGGTGAATGCCCTCTACT-3' (for-
ward), 5'-CGG TCA TTC CCA GGT TCT CTA-3' (reverse).
uPA primer sequences used were 5'-CAC GCA AGG GGA
GAT GAA-3' (forward), 5'-CA GCA TTT TGG TGG TGA
CTT-3' (reverse) [21]. Final concentration of PN-1, PAI-1
and uPA primers used for amplification was 600 nmol/L
forward, 600 nmol/L reverse; 600 nmol/L forward, 900
nmol/L reverse was used for TBP primers. Amplification
of PN-1, PAI-1, uPA and TBP cDNA was performed using
the MiniOpticon Real-Time PCR Detection System (Bio-
rad, Hercules, CA). The cycling parameters used were as
follows: 1 cycle, 95°C for 10 min; 50 cycles, 95°C for 15
sec and 60°C for 1 min; 1 cycle, 40°C for 3 min. The PN-
1, PAI-1 and uPA mRNA levels were normalized to TBP
mRNA levels using the Comparative CT method and are
reported in the figures as fold difference compared to lev-
els found in normal mammary tissue. Melting curve anal-
yses were performed for all amplifications to verify that
only single products were generated from the reactions.
Amplicons were sequenced to verify authentic PN-1. The
cDNA for human PN-1 was obtained from the I.M.A.G.E.
Consortium (ID: 4824856; Genbank: BC042628; Gen-
bank: BC042628).

Results
Quantitation of PN-1 expression in human breast tumors
For QRT-PCR analysis, we designed primers to amplify an
81 bp sequence of PN-1 spanning the splice junction
between exons 2 and 3. Spanning a splice junction
ensures that amplified products are derived solely from
mRNA and not from genomic DNA that might remain in
our preparation. In order to test the specificity of these
novel primers, we amplified the 81 bp PN-I sequence by
straight RT-PCR using RNA purified from a normal
human fibroblast cell line (HuFb) and compared the
product to that obtained from amplification using the
human PN-1 cDNA. We chose to use human fibroblasts
since they synthesize and secrete active PN-1 at levels cor-
responding to ~1% of all secreted proteins [22,23]. As
anticipated, we found that our newly designed primers
amplified only the expected 81 bp sequence (data not
shown).

To quantify PN-1 expression in human breast cancers, we
obtained 26 samples of breast tumor tissue, purified RNA
and generated cDNA from this material. The cDNA were
then analyzed by quantitative PCR and the results were

compared directly to quantitative PCR values obtained
using cDNA generated from normal human mammary tis-
sue. We found that PN-1 expression was elevated over that
found in normal mammary tissue; an increase of 1.5- to
3.5-fold in 21 of 26 human breast tumors examined (Fig.
1A). Since both PAI-1 [24-26] and uPA [24,26] expression
levels are known to be elevated in metastatic breast cancer,
we measured their levels in our 26 tumor samples for
direct comparison with PN-1 expression. As anticipated,
both PAI-1 (Fig. 1B) and uPA (Fig. 1C) mRNA levels were
significantly higher in the majority of breast tumors; 19 of
26 tumors for PAI-1 and 22 of 26 tumors for uPA. A quan-
tile box plot of the data shown in Figure 1 permits a direct
comparison of expression levels for PN-1, PAI-1 and uPA
(Fig. 2). These data clearly show that PN-1 expression is
elevated in the majority of human breast cancers exam-
ined and that this elevated expression directly correlates
with the expected higher expression levels found for PAI-
1 and uPA. Since the majority of our tumor samples rep-
resent advanced stage, grade 2 and 3 breast cancers, we are
unable to determine at this time if PN-1 expression levels
correlate with tumor grade, lymph node status or patient
reoccurrence.

PN-1 expression in MCF-7 and MDA-MB-231 breast 
cancer cells
We plan to characterize the mechanism responsible for
increased expression of PN-1 in breast cancer and deter-
mine its functional role in breast cancer metastasis. To
accomplish this goal, we will require a cultured model sys-
tem for accurate, controlled assessment of PN-1 promoter
status, transcription factor requirements, and tumor cell
invasive capacity. MCF-7 and MDA-MB-231 cells are well
established cultured lines used extensively to study molec-
ular details of breast cancer progression [27]. Hormone-
responsive MCF-7 cells have a low invasive capacity and
represent earlier stages of breast cancer, while hormone-
independent MDA-MB-231 cells are highly invasive and
represent more advanced stage breast cancer. To deter-
mine if these cell models will be useful for examining PN-
1 function in breast cancer, we performed QRT-PCR anal-
ysis to identify if PN-1 expression is disregulated in a com-
parable manner to that seen in human breast cancer
tissues. We found that MDA-MB-231 cells express 3.5-fold
greater levels of PN-1 than MCF-7 cells (Fig. 3). Moreover,
increased expression of PAI-1 and uPA were also found in
MDA-MB-231 cells as compared to MCF-7.

Discussion
Advanced stage breast cancer is accompanied by a dra-
matic increase in metastatic potential of epithelial-derived
tumor cells. The observed increase in tumor cell motility
is aided by increased expression and activity of uPA [4].
For effective tumor cell migration, the proteolytic activity
of uPA is thought to be balanced by the inhibitory activity
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PN-1, PAI-1 and uPA mRNA expression in human breast tumor tissues and normal human mammary tissueFigure 1
PN-1, PAI-1 and uPA mRNA expression in human breast tumor tissues and normal human mammary tissue. 
RNA was isolated from 26 breast tumors (T1–T26) and 10 normal breast samples. Normal samples were pooled into two 
equal groups (N1 and N2). mRNA levels for each gene were evaluated by QRT-PCR. Relative levels of PN-1, PAI-1 and uPA 
mRNA were normalized to TATA binding protein mRNA levels. Comparative CT method was used to calculate fold difference 
of PN-1 (A), PAI-1 (B) and uPA (C) expression in breast tumor tissue as compared to levels measured in normal breast tissue. 
The mean value of the two pooled normal samples was calculated and assigned a value of one in order to determine relative 
fold change of expression within the tumor samples. The standard deviation of the normal samples was 0.263. The box repre-
sents one standard deviation of the mean values obtained from normal mammary tissues.
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of PAI-1 [28,29]. The cycling activities of proteolysis and
protease inhibition lead to sequential rounds of cell
detachment-reattachment, which in turn leads to an
increase in cell motility. Indeed, elevated expression levels
of both uPA and PAI-1 are characteristic of advanced stage
breast cancers [30]. Interestingly, although PN-1 is struc-
turally and functionally related to PAI-1, there have been
no studies to date investigating if PN-1 contributes to
breast cancer progression in a manner similar to that of
PAI-1. To address this gap in knowledge, we examined if
PN-1 expression is altered in human breast cancer by
quantitating levels of PN-1 expression in human tissue
samples obtained from tumor biopsies. In these same
samples, we also quantitated PAI-1 and uPA expression
levels for direct comparison to PN-1. Our findings indi-
cate that PN-1 expression is elevated in the majority of
human breast tumor tissues examined and that its expres-
sion levels are directly correlated with increases measured
for PAI-1 and uPA. We also found that the highly meta-
static, MDA-MB-231 breast cancer line expresses 3.5-fold
greater levels of PN-1 compared to the non-tumorgenic,
MCF-7 breast cancer cell line. This increase in PN-1 is also
correlated to increases seen for PAI-1 and uPA in MDA-
MB-231 cells. The elevated expression of all three genes is
consistent with our measurements in human breast tumor
samples. The significant differences in PN-1 expression
between non-tumorigenic MCF-7 cells and highly inva-
sive MDA-MB-231 cells should provide us with a good
basis for identifying the mechanism responsible for
altered PN-1 expression seen in breast tissues and allow us
to examine PN-1 function in the context of elevated PAI-1
and uPA levels. Taken together, these data indicate that
PN-1 expression is increased during breast cancer tumori-
genesis and may contribute, along with PAI-1, to uPA-
mediated tumor cell motility and a more advanced meta-
static phenotype.

Although studies in the literature investigating a role for
PN-1 in cancer progression are limited, our results com-
plement and extend data presented in a recent report by
Buchholz and colleagues [31]. Their study demonstrated
that a highly metastatic pancreatic cancer line overex-
pressed PN-1, while a less metastatic subclone showed lit-
tle PN-1 expression. The authors also noted that stable
PN-1 overexpression in the less metastatic subclone
greatly enhanced its local invasiveness in in vivo studies.
Our studies expand on these observations by demonstrat-
ing an increase in PN-1 expression in human breast cancer
tissues.

Quantitating expression of PAI-1 and uPA is of high prog-
nostic value for assessing breast cancer survival outcome
[24,25]. Numerous independent studies have shown that
patients with low levels of PAI-1 and uPA in their primary
tumor tissue have a significantly better survival rate than

Comparison of PN-1, PAI-1 and uPA mRNA expression lev-els in 26 breast tumor samplesFigure 2
Comparison of PN-1, PAI-1 and uPA mRNA expres-
sion levels in 26 breast tumor samples. The box for 
each gene represents the interquartile range (25–75th per-
centile) and the line within this box is the median value. Bot-
tom and top bars of the whisker indicate the 10th and 90th 
percentiles, respectively. Outlier values are indicated (closed 
squares).

QRT-PCR analysis of PN-1, PAI-1 and uPA mRNA expres-sion in MCF-7 and MDA-MB-231 breast cancer cell linesFigure 3
QRT-PCR analysis of PN-1, PAI-1 and uPA mRNA 
expression in MCF-7 and MDA-MB-231 breast cancer 
cell lines. PN-1, PAI-1 and uPA message levels were quanti-
tated in MCF-7 and MDA-MB-231 cells by QRT-PCR. 
Expression levels for PN-1, PAI-1 and uPA were normalized 
to values obtained for TATA binding protein. CT values for 
each gene obtained from MCF-7 cells were averaged and 
assigned a value of one to assess relative fold increase in 
expression in MDA-MB-231 cells.
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patients with high levels of either factor alone. Recently,
the prognostic value of PAI-1 and uPA has been verified
by a pooled analysis consisting of >8,000 breast cancer
patients [26]. In light of the overlapping protease specifi-
cities of PAI-1 and PN-1 [32], together with the estab-
lished role of PN-1 in neuronal cell regulation and
motility [33,34], we believe it is likely that PN-1 also plays
a role in breast cancer progression by contributing to
events necessary for increased tumor cell motility.
Increased expression of PN-1 by tumor cells may serve to
modulate their adhesiveness or motility [35]. Alterna-
tively, tumor cell activity may be influenced by tumor-
stromal tissue crosstalk [36]. The breast neoplastic stroma
contains a heterogeneous cell population composed of
fibroblasts, myofibroblasts, and endothelial cells, which
are all known to synthesize and secrete significant
amounts of PN-1 [37]. Although it remains to be deter-
mined the precise mechanism by which PN-1 contributes
to breast cancer tumor progression, the results of the
present study establish a rationale for further investigation
of PN-1 as a modulator of uPA activity in breast tumor cell
motility. Future studies will be focused on identifying
transcriptional and/or translational mechanisms control-
ling PN-1 expression by cancer cells and determining if
PN-1 serves as an independent prognostic indicator of
breast cancer staging by using a more widely defined sam-
ple of tumor tissues, including earlier stage cancers as well
as late-stage carcinomas. In addition, the use of laser cap-
ture dissection technology will confine our QRT-PCR
measurements to tumor tissue and eliminate contribu-
tions from surrounding normal mammary tissue that are
likely to occur when using surgical specimens.

Conclusion
We quantitated PN-1 expression in samples obtained
from biopsies of human breast tumors and from normal
mammary tissues by QRT-PCR analysis and compared
these results to those obtained for PAI-1 and uPA. Our
findings indicate that PN-1 expression is elevated in a
majority of human breast tumor tissues examined when
compared to normal human mammary tissue. In addi-
tion, the elevated PN-1 expression in tumor tissues
directly correlates with increased expression measured for
PAI-1 and uPA. We also found that the highly metastatic,
MDA-MB-231 breast cancer cell line expresses greater lev-
els of PN-1 compared to the non-tumorgenic, MCF-7
breast cancer cell line. Consistent with observations
obtained from tumor biopsies, PN-1 expression levels in
MDA-MB-231 directly correlate with increases found for
PAI-1 and uPA. These data indicate that PN-1 expression
is increased during breast cancer tumorigenesis and may
contribute, along with PAI-1, to uPA-mediated tumor cell
motility and a more advanced metastatic phenotype.

Abbreviations
uPA, urokinase-type plasminogen activator; PAI-1, plas-
minogen activator inhibitor; ECM, extracellular matrix;
PA, plasminogen activation; SERPIN, serine protease
inhibitor; PN-1, protease nexin-1.

Competing interests
The author(s) declare that they have no competing inter-
ests.

Authors' contributions
BJC carried out the majority of studies and drafted the
manuscript. WCH and CMH provided confirmed breast
tumor and normal mammary samples. JKG assisted with
data interpretation. RAO provided the original conceptual
framework for the study, participated in the experimental
design and finalized the manuscript for submission.
Authors read and approved the final version.

Acknowledgements
We thank Drs. Dorothy J. VanderJagt and Robert H. Glew (Department of 
Biochemistry and Molecular Biology, University of New Mexico, School of 
Medicine) for there valuable input and critical evaluation of this work. This 
work was supported by the National Institutes of Health Grant #HL63291 
(to R.A.O.), National Institutes of Health Initiative to Maximize Student 
Diversity (IMSD) fellowship (to B.J.C.) and National Institutes of Health 
Minority Access to Research Careers (MARC) fellowship (to B.J.C.).

References
1. Price JT, Bonovich MT, Kohn EC: The biochemistry of cancer dis-

semination.  Critical Reviews in Biochemistry & Molecular Biology 1997,
32(3):175-253.

2. Dano K, Romer J, Nielsen BS, Bjorn S, Pyke C, Rygaard J, Lund LR:
Cancer invasion and tissue remodeling--cooperation of pro-
tease systems and cell types.  APMIS 1999, 107(1):120-127.

3. Carroll VA, Binder BR: The role of the plasminogen activation
system in cancer.  Seminars in Thrombosis & Hemostasis 1999,
25(2):183-197.

4. Andreasen PA, Egelund R, Petersen HH: The plasminogen activa-
tion system in tumor growth, invasion, and metastasis.  Cellu-
lar & Molecular Life Sciences 2000, 57(1):25-40.

5. Ellis V, Scully MF, Kakkar VV: Plasminogen activation initiated by
single-chain urokinase-type plasminogen activator. Potenti-
ation by U937 monocytes.  Journal of Biological Chemistry 1989,
264(4):2185-2188.

6. Pepper MS: Extracellular proteolysis and angiogenesis.  Throm-
bosis & Haemostasis 2001, 86:346-355.

7. Liotta LA, Stetler-Stevenson WG: Tumor invasion and metasta-
sis: an imbalance of positive and negative regulation.  Cancer
Research 1991, 51(18 Suppl):5054s-5059s.

8. Knoop A, Andreasen PA, Andersen JA, Hansen S, Laenkholm AV,
Simonsen AC, Andersen J, Overgaard J, Rose C: Prognostic signif-
icance of urokinase-type plasminogen activator and plas-
minogen activator inhibitor-1 in primary breast cancer.
British Journal of Cancer 1998, 77(6):932-940.

9. Stephens RW, Brunner N, Janicke F, Schmitt M: The urokinase
plasminogen activator system as a target for prognostic
studies in breast cancer.  Breast Cancer Research & Treatment 1998,
52(1-3):99-111.

10. Collen D: The plasminogen (fibronolytic) system.  Thrombosis &
Haemostasis 1999, 82:259-270.

11. Knauer DJ, Thompson JA, Cunningham DD: Protease nexins: cell-
secreted proteins that mediate the binding, internalization,
and degradation of regulatory serine proteases.  J Cell Physiol
1983, 117(3):385-396.

12. Kim NK, Chio MJ, Chung HM, Sohn TJ, Hwang SG, Oh D, Lee HH,
Lee YH, Ko JJ: Increased expression and localization of a serine
Page 6 of 7
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10190288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2521625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2521625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2521625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1884381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1884381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9528837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9528837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6317700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6317700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6317700


Cancer Cell International 2006, 6:16 http://www.cancerci.com/content/6/1/16
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

protease inhibitor, protease nexin-1 (PN-1), in the ovary and
uterus during implantation in rat.  Thrombosis Research 2001,
103 (2):135-142.

13. Kruithof EK: Plasminogen activator inhibitors--a review.
Enzyme 1988, 40(2-3):113-121.

14. Stone SR, Nick H, Hofsteenge J, Monard D: Glial-derived neurite-
promoting factor is a slow-binding inhibitor of trypsin,
thrombin, and urokinase.  Archives of Biochemistry & Biophysics
1987, 252(1):237-244.

15. Vaughan PJ, Cunningham DD: Regulation of protease nexin-1
synthesis and secretion in cultured brain cells by injury-
related factors.  Journal of Biological Chemistry 1993,
268(5):3720-3727.

16. Houenou LJ, Turner PL, Li L, Oppenheim RW, Festoff BW: A serine
protease inhibitor, protease nexin I, rescues motoneurons
from naturally occurring and axotomy-induced cell death.
Proceedings of the National Academy of Sciences of the United States of
America 1995, 92(3):895-899.

17. Zurn AD, Nick H, Monard D: A glia-derived nexin promotes
neurite outgrowth in cultured chick sympathetic neurons.
Developmental Neuroscience 1988, 10(1):17-24.

18. Festoff BW, Smirnova IV, Ma J, Citron BA: Thrombin, its receptor
and protease nexin I, its potent serpin, in the nervous sys-
tem.  Seminars in Thrombosis & Hemostasis 1996, 22(3):267-271.

19. Lindner J, Zinser G, Werz W, Goridis C, Bizzini B, Schachner M:
Experimental modification of postnatal cerebellar granule
cell migration in vitro.  Brain Research 1986, 377(2):298-304.

20. Donovan FM, Vaughan PJ, Cunningham DD: Regulation of pro-
tease nexin-1 target protease specificity by collagen type IV.
Journal of Biological Chemistry 1994, 269(25):17199-17205.

21. Castello R, Estelles A, Vazquez C, Falco C, Espana F, Almenar SM, Fus-
ter C, Aznar J: Quantitative real-time reverse transcription-
PCR assay for urokinase activator, plasminogen activator
inhibitor type 1, and tissue metalloproteinase inhibitor type
1 gene expression in primary breast cancer.  Clinical Chemistry
2002, 48(8):1288-1295.

22. Howard EW, Knauer DJ: Biosynthesis of Protease Nexin 1.  Jour-
nal of Biological Chemistry 1986:14184-14190.

23. Scott RWBJB: Purification of human protease nexin.  Journal of
Biological Chemistry 1983, 258:10439-10444.

24. Harbeck N, Alt U, Berger U, Kruger A, Thomssen C, Janicke F, Hofler
H, Kates RE, Schmitt M: Prognostic impact of proteolytic fac-
tors (urokinase-type plasminogen activator, plasminogen
activator inhibitor 1, and cathepsins B, D, and L) in primary
breast cancer reflects effects of adjuvant systemic therapy.
Clinical Cancer Research 2001, 7(9):2757-2764.

25. Harbeck N, Kruger A, Sinz S, Kates RE, Thomssen C, Schmitt M, Jan-
icke F: Clinical relevance of the plasminogen activator inhibi-
tor type 1--a multifaceted proteolytic factor.  Onkologie 2001,
24(3):238-244.

26. Look MP: Pooled analysis of uPA and PAI-1 for prognosis in
primary breast cancer patients. EORTC Receptor and
Biomarker Study Group.  International Journal of Biological Markers
2000, 15(1):70-72.

27. Lacroix MLG: Relevance of breast cancer cell lines as models
for breast tumours: an update.  In Breast Cancer Research and
Treatment Volume 83.  Kluwer Academic Publishers; 2004:249-289. 

28. Durand MK, Bodker JS, Christensen A, Dupont DM, Hansen M,
Jensen JK, Kjelgaard S, Mathiasen L, Pedersen KE, Skeldal S, Wind T,
Andreasen PA: Plasminogen activator inhibitor-I and tumour
growth, invasion, and metastasis.  Thromb Haemost 2004,
91(3):438-449.

29. Stefansson S, McMahon GA, Petitclerc E, Lawrence DA: Plasmino-
gen activator inhibitor-1 in tumor growth, angiogenesis and
vascular remodeling.  Curr Pharm Des 2003, 9(19):1545-1564.

30. Duffy MJ: The urokinase plasminogen activator system: role in
malignancy.  Current pharmaceutical design 2004, 10(1):39-49.

31. Buchholz M, Biebl A, Neebetae A, Wagner M, Iwamura T, Leder G,
Adler G, Gress TM: SERPINE2 (protease nexin I) promotes
extracellular matrix production and local invasion of pancre-
atic tumors in vivo.  Cancer Research 2003, 63(16):4945-4951.

32. Chorostowska-Wynimko J, Skrzypczak-Jankun E, Jankun J: Plas-
minogen activator inhibitor type-1: its structure, biological
activity and role in tumorigenesis (Review).  International journal
of molecular medicine 2004, 13(6):759-766.

33. Cunningham DD: Regulation of neuronal cells and astrocytes
by protease nexin-1 and thrombin.  Annals of the New York Acad-
emy of Sciences 1992:228-236.

34. Monard D: Cell-derived proteases and protease inhibitors as
regulators of neurite outgrowth.  Trends in neurosciences 1988,
11(12):541-544.

35. Rossignol P, Ho-Tin-Noe B, Vranckx R, Bouton MC, Meilhac O,
Lijnen HR, Guillin MC, Michel JB, Angles-Cano E: Protease nexin-1
inhibits plasminogen activation-induced apoptosis of adher-
ent cells.  J Biol Chem 2004, 279(11):10346-10356.

36. Wiseman BS, Werb Z: Stromal effects on mammary gland
development and breast cancer.  Science 2002,
296(5570):1046-1049.

37. Baker JB, Low DA, Simmer RL, Cunningham DD: Protease-nexin:
a cellular component that links thrombin and plasminogen
activator and mediates their binding to cells.  Cell 1980,
21(1):37-45.
Page 7 of 7
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3139400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8429047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8429047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8429047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7846074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7846074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3371230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3371230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3730865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3730865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3730865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8006028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8006028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12142386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12142386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12142386
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3771529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6885787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11555589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11555589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11455216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11455216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10763144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10763144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10763144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14983218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14983218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12941819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1288365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1288365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2471310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2471310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14699093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14699093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14699093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12004111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12004111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6157479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6157479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6157479
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Heaphy - DOD annual report 2007.doc
	 
	Cover………………………………………………………………………………1 
	SF 298……………………………………………………………………………...2 
	Body……………………………………………………………………………….4 

	Appendix A.pdf
	Appendix B.pdf
	Appendix C.pdf
	Appendix D.pdf
	JMD06-0115v1.full manuscript.pdf
	JMD06-0115v1.figures.pdf

	Appendix E.pdf
	pc_bxtc_man_070406.pdf
	Table 1.pdf
	Table 2.pdf
	Table 3.pdf
	Table 4.pdf
	pc_bxtc_fig1_070323.pdf

	Appendix F.doc
	Appendix G.ppt
	Appendix H.pdf
	Appendix I.doc
	Appendix J.pdf
	Abstract
	Background
	Results
	Conclusion

	Background
	Materials and methods
	Breast tissue samples
	Cell culture
	Preparation of tissue sections and RNA isolation
	Quantitative real-time RT-PCR

	Results
	Quantitation of PN-1 expression in human breast tumors
	PN-1 expression in MCF-7 and MDA-MB-231 breast cancer cells

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

	COVER 05-1-0273.pdf
	TITLE: Evaluation of Genomic Instability as an Early Event in the Progression of Breast Cancer



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




